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The plastoglobule (PG) is an enigmatic lipoprotein particle in photosynthetic and non-
photosynthetic plastids in plants. In chloroplasts, PGs are attached to the thylakoid membrane, 
providing a dynamic reservoir for prenyl- and neutral-lipids and a small set of proteins. 
Identification of the PG proteome suggests an active role for PGs in chloroplast metabolic 
processes. However, the majority of the proteins of the PG have not been characterized, making 
a comprehensive understanding of PG function difficult. The objective of this dissertation was 
therefore to clarify the functional role of the PG in chloroplasts. The PG proteome from 
Arabidopsis thaliana leaf chloroplasts was determined by mass spectrometry of isolated PGs and 
quantitative comparison with the proteomes of unfractionated leaves, thylakoids and stroma. 
This refined PG proteome consisted of 30 proteins, including 6 ABC1K atypical kinases and 7 
fibrillins together comprising more than 70% of the PG protein mass. Compared to previous PG 
proteome analyses, several proteins were excluded and six new PG proteins were identified, 
including an M48 metallopeptidase and two additional ABC1K atypical kinases, confirmed by 
immunoblotting. A genome-wide co-expression network for the PG genes was constructed from 
mRNA expression data revealing a network with four distinct modules that each contain at least 
one ABC1K and/or fibrillin gene. Each module showed clear enrichment in specific functions, 
including chlorophyll degradation/senescence, isoprenoid biosynthesis, plastid proteolysis and 
 
 
plastid redox and kinase regulators of electron flow. A new testable model for the PGs is 
presented, in which sets of genes are associated with specific PG functions. The PG is proposed 
to serve as a thylakoid membrane microdomain, recruiting low-abundant proteins into physical 
proximity facilitating specific metabolic reactions and physiological responses, comparable to 
lipid rafts of plasma membranes. Extensive phylogenetic evidence for the ABC1K family 
showed their ancient origin prior to the archaea-bacteria split and organization into three primary 
clades characterized by evolutionary origin and sub-cellular localization; ABC1Ks appear to 
have been introduced into photosynthetic eukaryote genomes through both plastid and 
mitochondrial endosymbiosis. Hypothesized functions of the PG-localized ABC1K1 and 
ABC1K3 as regulators of chloroplast prenyl-lipid metabolism are investigated. It was found that 
A. thaliana T-DNA insertion single (abc1k1 and abc1k3) and double (k1k3) mutants have a dose 
dependent, conditional light stress phenotype manifested as leaf degreening and necrosis; the 
minimal threshold for the visible phenotype is lower in the double mutant than either single 
mutant, suggesting additive or synergistic roles for each gene in the adaptation to excess 
excitation energy. Light stress treatments of k1k3 also resulted in granal hyperstacking and the 
altered size, number and morphology of PGs as compared to the wild-type indicates an increased 
ratio of prenyl- to neutral-lipid in PGs. Comparison of metabolite and protein compositions in 
wild-type and k1k3 leaves revealed reduced accumulation of PG-localized carotenoid cleavage 
dioxygenase 4 and altered levels of various prenyl-lipids in k1k3, supporting a regulatory role for 
ABC1K1 and ABC1K3 in prenyl-lipid metabolism as an adaptation to excess excitation energy. 
Finally, based on the coexpression, phylogenetic and phenotypic mutant analyses, targets of 
ABC1K1 and ABC1K3 are hypothesized. 
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CHAPTER ONE 
 
INTRODUCTION 
 
1.1 THE PLASTID ORGANELLE 
 
1.1.1. Plastid characteristics and sub-types Plastids are the unique organelle of photosynthetic 
eukaryotes, believed to be derived from an ancient endosymbiotic event of a eukaryote host and 
prokaryotic cyanobacterial ancestor estimated to have occurred about 1500 million years ago [1-
3]. Plastids are enclosed by a double membrane system, referred to as the inner and outer 
envelope membranes, which delineates the plastid from the surrounding cytosol and controls 
passage of proteins and other molecules between these two compartments. Plastids are self-
replicating and harbor their own minimal set of genetic material on a single chromosome of 
several hundred kilobases, encapsulated by protein, RNA and ribosomes, creating a complex of 
nucleic acid and protein known as the plastid nucleoid [4]. This minimal genome encodes for 88 
proteins in Arabidopsis thaliana and primarily includes various components of the electron 
transport chain of photosynthesis and gene expression and translation machinery, such as an 
RNA polymerase (plastid-encoded RNA polymerase, PEP), and ribosomal subunits [5]. 
It is estimated that the full plastid proteome complement is comprised of ca. 3000 
proteins, based on plastid proteome analyses and various plastid targeting predictor algorithms 
[6]. Thus, a clear majority of proteins required for the function and homeostasis of the plastid are 
encoded by the nuclear genome. These transcripts are translated at the cytosolic ribosome, and 
typically (there are <10% other signals) targeted to the plastid by a degenerate N-terminal 
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localization signal, known as the chloroplast transit peptide (cTP). Import of these nuclear-
encoded plastid proteins requires the TOC (translocon of the outer chloroplast envelope) and TIC 
(translocon of the inner chloroplast envelope) complex spanning the outer and inner plastid 
envelope, an elaborate protein complex capable of recognizing plastid-targeted proteins and 
transporting them from the cytosol into the plastid [7-9]. 
An uncharacterized system of signaling between the nucleus and plastid permits the 
careful control of synthesis and accumulation of the amalgam of plastid- and nuclear-encoded 
plastid proteins. This bidirectional signaling from nucleus to plastid and plastid to nucleus, 
known as anterograde and retrograde signaling, respectively, is critical to balance the dynamic 
needs of the plastid with accumulation of nuclear-encoded plastid proteins [10]. As the site of 
light harvesting, the chloroplast serves as an invaluable sensor of environmental conditions and 
stresses, which are signaled back to the nucleus via (thus far, largely unknown) retrograde 
signaling pathways [11, 12]. 
Some components of retrograde signaling pathways have been elucidated. A genetic 
screen revealed five mutants impaired in retrograde signaling, dubbed genome uncoupled (gun) 
mutants, four of which (gun 2, 3, 4, and 5) were mutants in tetrapyrrole biosynthesis, implicating 
chlorophyll intermediates as potential signaling molecules [13-16]. The thylakoid-localized 
EXECUTER 1 and 2 proteins are necessary for transduction of a singlet oxygen-derived signal 
produced from the photosensitizer, protochlorophyllide [17, 18]. Remarkably, a transcription 
factor involved in retrograde signaling was demonstrated to localize to the outer-envelope 
membrane of the plastid and undergo selective proteolytic cleavage under the control of multiple 
retrograde signals, causing its release from the plastid and re-targeting to the nucleus [19]. 3’-
phosphoadenosine 5’-phosphate (PAP) was recently demonstrated to serve as a mobile, 
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molecular signal between the plastid and nucleus in response to drought and high light [20]. The 
PAP signaling molecule is proposed to act through inhibition of 5’ to 3’ exoribonucleases in the 
nucleus. 
Non-photosynthetic proplastids of meristematic tissue can differentiate to take on 
specialized forms, displaying unique morphological and biochemical characteristics. Plastid sub-
types are specialized for particular functions such as photosynthesis (chloroplasts), gravity 
sensing and starch accumulation (amyloplasts), storage of oils (elaioplasts), or carotenoid 
pigments (chromoplasts) or salvage of nitrogen and carbon during senescence (gerontoplasts). 
Chloroplasts, the photosynthetic plastids of leaf and stem tissue, are the main subject of research 
in the van Wijk laboratory and the focus of plastoglobule research for this dissertation. Thus 
chloroplasts and their plastoglobules will now be described in greater detail. 
 
1.1.2 Substructures of chloroplasts Chloroplasts are plastids specialized for the capture of light 
energy and assimilation of atmospheric carbon via photosynthesis. They are comprised of four 
primary substructures: the envelope, stroma, thylakoid membrane, and plastoglobules (Figure 
1A). 
The water-soluble supernatant of the chloroplast, known as the stroma, is the site of CO2 
assimilation via ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCo) and the Calvin 
cycle. The apparatus for harvesting of light energy is housed in the thylakoid membrane, an 
extensive membrane system in the interior of the chloroplast, which encloses a small aqueous 
compartment called the lumen. Lipid-protein particles of plastids are known as plastoglobules 
(PGs). PGs of chloroplasts are derived from the thylakoid membrane by blebbing of the outer 
lipid leaflet of the membrane bilayer and remain attached to the thylakoid membrane throughout 
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their lifetime (Fig 1B) [21]. The structure of the plastoglobule implies a hydrophobic interior for 
lipid accumulation with a thin hydrophilic perimeter allowing deposition of amphiphilic 
metabolites such as prenyl lipids and free fatty acids and a small protein population. 
 
Figure 1. Chloroplast and plastoglobule ultrastructure. A, Cartoon illustration of the four main 
compartments of the chloroplast alongside a transmission electron micrograph of a healthy A. 
thaliana leaf chloroplast. B, Cartoon illustration of the plastoglobule ultrastructure. Note the 
blistering of the outer leaflet of the thylakoid membrane, creating a hydrophobic interior for the 
deposition of non-polar metabolites. Plastoglobule-localized proteins associate peripherally with 
the plastoglobule structure. 
 
1.1.2.1 The Plastoglobule – PGs can be seen sharply in transmission electron microscopy (TEM) 
where they stain darkly in the presence of the lipophilic fixative osmium tetroxide. TEM has 
demonstrated a highly dynamic and reversible nature of PGs, involving changes in size, number 
and staining properties in response to various (a)biotic stresses and developmental states (Figure 
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2) [22]. Furthermore, PGs are thought to be the progenitors of carotenoid-rich fibrils of 
chromoplasts and eyespot pigment granules of phototactic algae [23, 24]. 
 
 
Figure 2. Plastoglobules are implicated in stress response and development. The dynamic nature 
of plastoglobules is illustrated in transmission electron micrographs of plastids under various 
(a)biotic stresses and developmental states. The abiotic stress images are the unpublished work 
of the author. The leaf senescence image is courtesy of [25], the N-deprivation image is courtesy 
of [26]. The chloroplast biogenesis image is taken from [27] and the chromoplast fibril image is 
courtesy of [24]. 
 
The very high lipid:protein ratio of PGs facilitates their purification using density 
flotation centrifugation. Analyses of purified PGs from Pisum sativum and A. thaliana 
chloroplasts revealed a metabolite population enriched in triacylglycerols, fatty acid phytyl 
esters, β-sitosterol, and a number of prenyl-lipids, especially plastoquinone (PQ) and α-
tocopherol (Table 1) [22, 26, 28-34]. Surprisingly, independent in-depth proteome analyses 
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identified a small proteome of about 35 proteins in the PG including a number of enzymes [35, 
36]. The majority of these proteins are uncharacterized; only tocopherol cyclase (VTE1), allene 
oxide synthase (AOS), and NAD(P)H dehydrogenase C1 (NDC1) have characterized functions 
in tocopherol synthesis, jasmonic acid (JA) synthesis and plastoquinone redox cycling, 
respectively (Table 1) [37-39]. Those uncharacterized proteins of the PG include four proteins of 
the ABC1K atypical kinase family, eight fibrillin proteins with a putative structural role in the 
particle, and various proteins with predicted oxido-reductase, methyl-transferase, or 
acyltransferase activity. The long-held hypothesis that PGs served solely as deposition sites for 
lipid compounds, a sort of trash can for the plastid, was discredited by the discovery of enzymes 
known or hypothesized to function in diverse metabolic pathways and physiological processes of 
the plastid. 
Our current state of knowledge paints the picture of the PG as a crossroad of metabolic 
and developmental activity in the plastid, critical for proper response to fluctuating 
environmental conditions (Figure 3). Numerous prenyl-lipids, and several enzymes involved in 
their metabolism, are found to accumulate in the PG. For instance, VTE1 and NDC1 contribute 
to the synthesis of tocopherols and PQ [38, 39], important reactive oxygen scavengers in the 
chloroplast [40-42]. In addition, the phytol salvage pathway of chlorophyll degradation uses the 
PG for deposition of esterified phytol, which can then be recycled for tocopherol synthesis [26, 
43]. PG-localized allene oxide synthase serves as a regulation point in biosynthesis of the 
phytohormone, JA which can be derived from peroxidized fatty acids deposited in the PG [44]. 
A carotenoid cleavage dioxygenase (CCD4) may serve to degrade carotenoid released from 
photosynthetic complexes or in the synthesis of an unknown apocarotenoid-derived 
phytohormone [45-47]. 
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Proteinsa Metabolites Reference
Fibrillin 1a α-tocopherol [32, 36]
Fibrillin 1b Plastochromanol [32]
Fibrillin 2 Plastoquinone [31, 32, 36]
Fibrillin 3a Phylloquinone [30, 48]
Fibrillin 4 Phytoene [29]
Fibrillin 7a Fatty acid phytyl esters [26]
Fibrillin 7b Triacylglycerols [48]
Fibrillin 8 β-sitosterol [33, 34]
Fructose-bisphosphate aldolase 1
Fructose-bisphosphate aldolase 2
Fructose-bisphosphate aldolase 3
Allene oxide synthase
Carotenoid cleavage dioxygenase 4
Tocopherol cyclase
NAD(P)H dehydrogenase C1
Aldo/keto reductase-like
SOUL heme-binding protein-like
UbiE methyltransferase-like 1
UbiE methyltransferase-like 2
Diacylglycerol acyltransferase-like 1
Diacylglycerol acyltransferase-like 2
Flavin-reductase-like 1
Flavin-reductase-like 2
ABC1K1b
ABC1K3b
ABC1K5b
ABC1K9b
RAP38
RAP41
Unknown 1
Unknown 2
(a) Reference [22].
(b) For nomenclature see Chapter 3.
Table 1. Proteins and metabolites of the plastoglobule
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A number of important key questions about PGs can be raised in light of their dynamic 
nature, ultrastructure and metabolite and protein compositions. First, what is controlling the 
formation of the PGs? It is not apparent what induces the blebbing of the thylakoid resulting in 
PGs, but initiators of their formation include two possible sources, i) deposition of lipids or, ii) 
recruitment of structural proteins such as fibrillins. Similarly, what is controlling the size of the 
PGs and how is their dynamic, responsive nature achieved? Second, how is the metabolite and 
protein composition controlled? Proteome and metabolome analyses of purified PGs have clearly 
demonstrated a population of compounds in these structures that is distinct from that of the 
associated thylakoid [35, 36, 48]. Maintenance of this distinct population requires some level of 
control over passage of proteins and metabolites at the PG-Thylakoid interface. It is not known 
 
 
Figure 3. The plastoglobule as a metabolic crossroad in the plastid. Lipid metabolic pathways of 
the plastid including carotenoid, quinone, tocopherol, and galactolipid metabolism are illustrated. 
A, Prenyl-lipid pathways synthesizing important antioxidants and photochemical quenchers cross 
the plastoglobule at multiple points. B, Oxidative stresses or senescence induce degradation of 
thylakoid lipids. Enzymes and metabolites involved in turnover of these lipids and conversion to 
storage compounds (TAG) or phytohormone (JA) intersect the plastoglobule. Metabolic 
reactions catalyzed by a plastoglobule-localized enzyme are marked with a blue asterisk. 
Metabolites found to accumulate in the plastoglobule are underlined. 
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if this is controlled enzymatically or by physico-chemical properties of the thylakoid/PG 
structures and the proteins and metabolites. And third, why do plastids need a special site for 
sequestering certain metabolites and proteins? Indeed, the evidence thus far indicates that PGs 
are necessary in that they have been identified in all investigated photosynthetic organisms from 
cyanobacteria and algae, to moss and diverse angiosperms [22] and are present in all plastid 
types. What integral role(s) does the PG play in plastid function? 
 
1.2 PHOTOSYNTHESIS 
 
Oxygenic photosynthesis found in plants occurs in two phases: 1) the light-dependent oxidation 
of water and reduction of NADP+ with concomitant pumping of protons across the thylakoid 
membrane to drive ATP synthesis, and 2) the light-independent assimilation of atmospheric CO2 
by the Calvin cycle using ATP and NADPH produced from the steps in phase 1. 
 
1.2.1 The light reaction Light energy is captured, or absorbed, by chlorophyll and carotenoid 
pigments through excitation of electrons. Excited electrons are liberated from the chlorophyll 
molecule (an event known as charge-separation) and transferred via step-wise exergonic redox 
reactions through a linear chain of three protein complexes, the small molecules, plastoquinone, 
and ferredoxin, and the soluble protein plastocyanin (Figure 4). This linear electron transport 
chain (ETC) is located within the thylakoid membrane and the step wise losses of energy through 
the ETC are coupled to the ‘pumping’ of protons from the stroma to the thylakoid lumen, against 
a concentration gradient. Release of the proton concentration gradient by passage through ATP 
synthase drives synthesis of ATP from ADP and Pi. 
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Figure 4. Diagram of the photosynthetic electron transport chain and alternative electron flows. 
Linear electron transport derives electrons from water molecules by the oxygen evolving 
complex (OEC) which are subsequently driven through the photosystem complexes (PSI and 
PSII) and the cytochrome b6f complex (cyt b6f) using lipophilic plastoquinone (PQ) and soluble 
plastocyanin protein (PC) as intermediaries, to ultimately reduce NADP+. Alternative electron 
flows include the cyclic transport chains mediated by the NAD(P)H dehydrogenase complex 
(NDH) and the hypothesized ferredoxin:quinone oxidoreductase (FQR) regulated by PGR5 and 
PGRL1. Chlororespiration is mediated by the plastid terminal oxidase (PTOX). The paths of 
electrons in linear and cyclic flow are illustrated with red, dashed lines. Protein complexes of the 
linear electron transport chain are colored in green, protein complexes involved in alternative 
electron flows are colored in yellow. 
 
Capture of light energy is accomplished by elaborate complexes of protein and pigment: 
the reaction centers of photosystem I and II (PSI and PSII) and their accessory light-harvesting 
complexes (LHCI and LHCII).  The reaction centers are comprised of several protein subunits 
and are the site of the charge-separation event, involving transfer of an excited state electron 
from chlorophyll a to pheophytin (Phein). Peripheral LHC protein complexes contain chlorophyll 
a and b as well as several carotenoid compounds. The LHCs serve as antennae to capture light 
energy and funnel it to the reaction center and the ETC. The presence of multiple carotenoid and 
chlorophyll compounds in the LHCs permits capture of a wider cross-section of available light 
energy. 
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Electrons used in the ETC are derived from splitting of H2O molecules by the oxygen 
evolving complex (OEC) in association with the PSII reaction center. Water-splitting results in 
extraction of four electrons and an O2 molecule from every pair of H2O molecules. At the end of 
the ETC a ferredoxin:NADPH reductase complex (FNR) catalyzes the reduction of NADP+ via 
ferredoxin [49]. 
 
1.2.2 The light-independent reaction The second phase, or dark phase, of photosynthesis 
concerns the reduction of CO2 through the Calvin cycle in the chloroplast stroma and does not 
directly involve light (though some enzymes are regulated by light) but requires ATP and 
NADPH, produced from the light reaction of phase 1. The Calvin cycle consists of 
carboxylation, reduction, and regeneration phases. The entry point of CO2 into the Calvin cycle 
is RuBisCo, catalyzing the carboxylation of ribulose 1,5-bisphosphate (RuBP). For every three 
RuBP molecules, three CO2 molecules are carboxylated, resulting in six 3-phosphoglycerate 
(PGA) molecules. Subsequent phosphorylation and reduction of the PGA molecules produces six 
molecules of glyceraldehyde 3-phosphate (GAP), one of which can be used for cellular 
metabolism while the other five are regenerated into five molecules of RuBP to complete the 
Calvin cycle. The reduction phase of the Calvin cycle uses ATP and NADPH, resulting in ADP 
and NADP+ to be re-used in the light reaction of photosynthesis. 
 Regulation of the Calvin cycle proceeds by adjustment of stromal pH and Mg2+ 
concentration as well as post-translational modifications of enzymes by the ferredoxin-
thioredoxin system [50-52]. A mechanism of Calvin cycle inhibition is imperative because 
several enzymes in the cycle additionally serve in the glycolytic pathway (in the dark). To 
prevent futile cycling, activity of the anabolic portion of the Calvin cycle must be turned off in 
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the dark. The ferredoxin-thioredoxin redox system provides a convenient mechanism to couple 
photosynthetic activity with activation of the Calvin cycle. As ferredoxin is reduced by the linear 
ETC under light, the reductive potential can be transferred to various plastid-localized classes of 
thioredoxins (f, m, x and y) via the ferredoxin-thioredoxin reductase (FTR). Reduced thioredoxin 
subsequently introduces one or more disulfide bridges into the target enzyme, resulting in light 
activation of the enzyme and the Calvin cycle [50]. 
 
1.2.3 Photoprotection mechanisms – Dealing with excess excitation energy Highly fluctuating 
environmental conditions experienced by plants create a need for a delicate balance of 
photosynthetic requirements and light harvesting. Environmental stresses such as high light, 
drought, salinity, etc. can reduce a plant’s demand for photosynthetic products and the fixation of 
CO2, leading to harvesting of more light energy than can be used for photosynthesis. This 
situation can result in light-induced damage in plant cells and even whole plant death. This light-
induced damage results primarily from uncontrolled production of various reactive oxygen 
species (ROS) such as 1O2, H2O2 and O2- [53]. Many molecular mechanisms have arisen in 
plants to prevent light-induced damage and ameliorate such damage when it occurs [53-55]; 
some of these mechanisms are briefly described below (sections 1.2.3.1 – 1.2.3.6). 
 
1.2.3.1 State transitions – Under conditions of over-reduction of the photosynthetic ETC, redox 
signals such as reduced PQ, trigger the migration of LHCII proteins associated with PSII to PSI, 
a process known as a state transition [56]. This migration of LHCII alters the antennae size 
around each photosystem, increasing the excitation energy of PSI relative to PSII [56-58]. State 
transitions are a short-term and reversible process, regulated by 
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phosphorylation/dephosphorylation of LHCII subunits by state transition kinase 7 (STN7) and 
thylakoid-associated phosphatase 38 (TAP38), respectively [57, 59, 60]. Although control of 
relative light harvesting capacity of the two photosystems could provide a mechanism for relief 
from excess excitation energy and facilitate cyclic electron flow, inhibition of STN7 by the 
thioredoxin-ferredoxin system suggests it is primarily a low light phenomenon [61]. 
 
1.2.3.2 Regulation of gene expression – In conjunction with the state transition response there is 
a long-term adaptive response mediating precise control of photosystems I and II stoichiometry. 
Control of photosystem stoichiometry is regulated by the redox state of PQ, as in the state 
transition response, and provides reduction of light harvesting capacity in the presence of light 
stress [61-63]. A two-component sensor kinase (named chloroplast sensor kinase, CSK) has been 
identified as a mediator of PQ regulation of photosynthetic gene expression [64]. Physical 
interaction between CSK and plastid transcription kinase (PTK) and the RNA polymerase, 
Sigma factor 1 (SIG-1), was demonstrated, leading to the suggestion that CSK regulates 
photosynthetic gene expression through direct phosphorylation of PTK and SIG-1 [65]. 
 
1.2.3.3 Thermal dissipation – The cycling of zeaxanthin and violaxanthin, known as the 
violaxanthin cycle (V cycle) [66, 67], provides rapid regulation of light harvesting at the LHCs. 
Molecular characteristics of violaxanthin and zeaxanthin give rise to redox potentials above and 
below that of the chlorophylls, respectively [68]. Thus, violaxanthin serves as an effective light 
harvesting pigment through donation of excitation energy to chlorophyll, whereas zeaxanthin 
accepts excitation energy from chlorophyll which is then harmlessly released by thermal 
dissipation. Accumulation of zeaxanthin at the expense of violaxanthin, serves as a mechanism 
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of photoprotection by limiting additional light harvesting while simultaneously dissipating 
excess light in the photosystems. This conversion is rapidly induced – on a time scale of several 
minutes – and is regulated in part by the acidity of the lumen, which increases under high activity 
of the ETC [69]. 
 
1.2.3.4 Chlororespiration – The chlororespiratory pathway in chloroplasts can serve as an 
additional mechanism of energy dissipation from the ETC. Chlororespiration is an alternative 
nonphotochemical ETC which uses molecular oxygen as a sink for electrons of the thylakoid 
plastoquinone pool (Figure 4), thus diverting them from photosynthesis [70, 71] and preventing 
over-reduction at PSII. The immutans mutant in A. thaliana has been identified as a quinol 
oxidase, homologous to the alternative oxidase of mitochondria, and has been demonstrated to 
catalyze the plastoquinone:O2 oxidoreductase reaction of the chlororespiratory pathway [72, 73]. 
Because desaturation reactions of carotenoid biosynthesis require oxidized PQ as acceptors of 
electrons, chlororespiration is also linked to carotenoid biosynthesis. 
 
1.2.3.5 Photorespiration – The potentially wasteful by-reaction of the RuBisCo enzyme - 
oxygenation of RuBP - leads to photorespiratory metabolism, which serves as an effective sink 
for excess energy under light stress. This oxygenation reaction results in one molecule of PGA 
and one molecule of the toxic 2-phosphoglycolate (2-PG). The fixed carbon lost to 2-PG is 
salvaged by reactions distributed throughout the plastid, mitochondria, and peroxisome. These 
reactions, collectively known as photorespiration, consumes ATP and NADPH thereby removing 
some excess pressure on the photosynthetic ETC. 
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1.2.3.6 The water-water cycle – So named because the pathway for electrons begins and ends 
with the water molecule, the water-water cycle creates another sink for excess electrons in the 
ETC. This cycle is in effect a scavenger of O2-, produced as a harmful ROS byproduct from PSI 
photochemical reduction of O2. This O2- is subsequently disproportionated to H2O2 by superoxide 
dismutase (SOD). Although SOD is a soluble protein complex localized in the chloroplast 
stroma, evidence indicates a significant pool of SOD is tethered to the thylakoid membrane, 
creating a local concentration around the source of O2- production [74]. Resulting H2O2 is then 
reduced to water by ascorbate peroxidase (APX). Ascorbate serves as the electron donor which is 
recycled by reduced ferredoxin of the ETC [75]. 
 
1.3 PRENYL-LIPID METABOLIC PATHWAYS 
 
1.3.1 MEP vs. MVA pathways All isoprenoids (i.e. terpenoids) are derived from condensation 
reactions of the 5 carbon precursor, isopentenyl diphosphate (IPP). IPP is synthesized by two 
independent pathways localized in separate cellular compartments, the mevalonate (MVA) 
pathway in the cytosol and the methyl-erythritol-4-phosphate (MEP) pathway in the plastid [76, 
77]. The two pathways produce IPP from different precursors, acetyl-CoA in the MVA pathway 
and pyruvate and glyceraldehyde 3-phosphate in the MEP pathway. Evidence of IPP exchange 
between the plastid and cytosol has been documented [78, 79], but generally it is believed that 
exchange is very limited. 
 Isoprenoids can be synthesized by serial condensation reactions into C15 (sesquiterpene), 
C20 (diterpene), C30 (triterpene) and C40 (tetraterpene) compounds by the activity of isoprenoid 
synthase enzymes [80-82]. Because of compartmentation of enzymes, C15 and C30 isoprenoids, 
16 
 
such as sterols, are synthesized specifically in the cell cytosol and endoplasmic reticulum, while 
synthesis of C10, C20 and C40 compounds, such as carotenoids, are specific to the plastid [82]. 
 
1.3.2 Plastid prenyl-lipid metabolism In plastids, the C20 diterpene, geranylgeranyl diphosphate 
(GGPP), is produced from condensation of two monoterpene geranyl diphosphate molecules 
which can subsequently be directed into multiple prenyl-lipid pathways, including that of 
carotenoids, chlorophylls, tocochromanols, and gibberellic acid [83]. 
 
1.3.2.1 Carotenoids – Carotenoids are 40-carbon tetraterpenoid pigments derived from 
condensation of two GGPP molecules by phytoene synthase. They are characterized by the 
presence of a series of conjugated double bonds, conveying resonance to the molecular structure 
and, thus, the characteristic absorption spectrum absorbing in the 400 nm range. Carotenoids 
play a number of important roles in the chloroplast and serve as substrates for synthesis of 
various phytohormones. 
 The committed step of carotenoid synthesis is the condensation of two GGPP molecules 
catalyzed by phytoene synthase (PSY), producing the C40 compound, 15-cis-phytoene. As the 
committed step in carotenoid biosynthesis, PSY forms the rate-limiting step and is under tight 
transcriptional regulation by environmental conditions such as ABA, high light, salt, drought, 
temperature, photoperiod, and developmental state [84]. Attempts to increase carotenoid 
accumulation in plant tissue, particularly tomato fruit, have focused to a large extent on over-
expression of PSY [85-89]. 
In higher plants, successive desaturation reactions by phytoene desaturase (PDS) and ζ-
carotene desaturase (ZDS), introduce double bonds at the 7,7’,9 and 9’ carbons, completing a 22-
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carbon conjugated double bond system [84, 90]. The desaturation reactions use oxidized 
plastoquinone as electron acceptor, creating a link between carotenoid metabolism and 
photosynthesis [91]. Because the desaturases introduce double bonds in the cis configuration, 
isomerase activity is necessary to produce the all-trans lycopene required for subsequent steps in 
carotenoid biosynthesis. These isomerization reactions are catalyzed by carotenoid isomerase 
(CRTISO) and ζ-carotene isomerase (Z-ISO), though the isomerization can also be catalyzed 
with lower efficiency by light [92-94]. Linear all-trans lycopene is subsequently cyclized at each 
end by activity of lycopene β- or ε-cyclase [95]. The cyclization introduces a branch point in the 
pathway, leading either to β-carotene with two β-rings or α-carotene with a β- and an ε-ring. The 
rings of β-carotene and α-carotene are then hydroxylated by β- or ε-hydroxylase, resulting in the 
xanthophyll pigments, zeaxanthin and lutein, respectively [96]. Subsequent epoxidation of 
zeaxanthin is catalyzed by the well-known enzyme, zeaxanthin epoxidase (ZEP) forming the 
back reaction of the V cycle [69]. The forward reaction of the V cycle, catalyzed by violaxanthin 
deepoxidase (VDE) in the thylakoid lumen, is induced under conditions of excess excitation 
energy altering the lumenal pH. Evidence for post-translational control of ZEP activity has been 
presented, possibly including phosphorylation [97, 98]. An auxiliary xanthophyll cycle, the 
lutein-epoxide cycle (Lx cycle) involving epoxidation of lutein, has been demonstrated in certain 
plant species such as tomato [99], and parasitic plants [100, 101]. Deepoxidation of lutein is 
catalyzed by VDE of the V cycle and it has been suggested that epoxidation may also be 
catalyzed by ZEP [102, 103]. The Lx cycle is regulated similar to the V cycle, although 
activation/deactivation proceeds slower [100, 104]. 
The primary function of carotenoids is in harvesting of light energy for photosynthesis. 
The absorption spectra of carotenoids expand a plant’s cross-section of photosynthetically active 
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radiation (PAR). Carotenoids serve as essential structural components of reaction centers and 
light-harvesting complexes, bound non-covalently in specific binding pockets. The two classes 
of carotenoids, the carotenes and xanthophylls appear to be segregated between reaction centers 
and LHCs. In higher plants, β-carotene binds to the reaction centers of both PSI and PSII, 
whereas xanthophylls are found in LHCs, in particular lutein, neoxanthin and violaxanthin [105, 
106]. Upon induction of the V cycle, violaxanthin can be replaced by zeaxanthin in the LHCs 
[107]. Together, β-carotene and xanthophylls serve as structural components of PSI and II, and 
light harvesting chromophores, and as ROS scavengers [108-111]. 
Carotenoids also serve as substrates for the phytohormones, abscisic acid and 
stigolactone. Oxidative cleavage of double bonds in C40 carotenoids proceeds by a class of 
enzymes known as carotenoid cleavage dioxygenases (CCDs). Cleavage activity results in 
biologically active apocarotenoids, serving as phytohormones and volatiles. Two classes of 
CCDs have been identified in plants, based on the presence or absence of activity upon 9-cis-
violaxanthin and 9-cis-neoxanthin. The NCED-catalyzed double-bond cleavage has been 
demonstrated to be the rate-limiting step in ABA biosynthesis [112, 113]. The 9-cis-
epoxycarotenoid dioxygenases (NCEDs) specifically cleave the 11,12 double bond of these two 
substrates, leading to synthesis of ABA. The CCDs on the other hand hold cleavage activity 
towards a number of other (apo)carotenoid substrate compounds. CCD7 of the strigolactone 
biosynthesis pathway, for example, specifically cleaves the 9’-10’ double bond of the 9-cis form 
of β-carotene [114]. 
A long standing question in apocarotenoid formation is the origin of the 9-cis 
isomerization required for the NCED and CCD7 enzymes, since only all-trans lycopene is used 
as substrate by the carotenoid cyclase and hydroxylase enzymes. Thermal or photo isomerization 
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has been proposed to produce the 9-cis kink in these carotenoids, however, enzyme-mediated 
isomerization of trans-β-carotene has recently been demonstrated in the D27 enzyme, which is 
necessary for accumulation of strigolactone hormone [114]. A similar enzyme-mediated 
isomerization may be responsible for the 9-cis form of neoxanthin and violaxanthin necessary for 
ABA biosynthesis, though no corresponding gene has been proposed. 
 
1.3.2.2 Quinones and Tocopherols – Quinone and tocopherol prenyl lipids (collectively known 
as prenyl-quinones) function in higher plant photosynthesis as electron carriers in the ETC and as 
lipid antioxidants, through their inherent redox activity. Prenyl quinones are amphiphilic 
compounds comprised of an isoprenoid-derived hydrophobic tail of variable length and 
saturation and a polar aromatic head group. Redox activity of the prenyl quinones derives from 
the carbonyl group(s) of the head which can be reduced or oxidized between the quinol and 
quinone forms, respectively. 
 Phylloquinone (vitamin K1, PhyQ) is bound within the PSI reaction center where it 
functions as an electron carrier of the ETC. PhyQ is synthesized from the condensation of 
naphthoate and phytyl-PP, followed by a single methylation step. The napthoate head group, 
common to menaquinone and phylloquinone, is derived from chorismate through a series of six 
enzymatic steps [115, 116]. Remarkably, four of these enzymatic steps, which are encoded as 
individual genes in bacterial species, have been fused into the phyllo gene in higher plants [115]. 
The phytyl-PP tail is formed from GGPP by the geranylgeranyl reductase enzyme. Loss of the 
final step in PhyQ biosynthesis, methylation by menG, leads to accumulation of the 
demethylated substrate in the PG and reduced PSI stability [30].  
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Despite reduced stability of PSI, limited photosynthetic activity has been detected in 
PhyQ-deficient mutants (5-15% of wild-type), indicating some functional replacement of PhyQ 
with another quinone, as has been shown in PhyQ-deficient Synechocystis sp. PCC 6803. [117].  
The presence of substantial pools of PhyQ not associated with PSI, particularly in PGs, suggests 
additional roles for PhyQ apart from PSI activity [30, 118, 119]. In fact, enzymatic modulation 
of the PhyQ redox state has been demonstrated in a bimodular protein, containing PhyQ-specific 
reductase activity and a functional thioredoxin domain, likely to use thioredoxin as a source of 
electrons for PhyQ reduction [118]. It has been suggested, based on the redox potential of the 
thioredoxin domain, that this enzyme may also act as a protein disulfide isomerase of stromal 
proteins [118]. 
 Plastoquinone (PQ) in higher plants contains a C45 nonpolar tail derived from solanesyl-
PP. Solanesyl-PP is synthesized by solanesyl diphosphate synthase (SPS), of which there are two 
isoforms in A. thaliana, SPS1 in the cytosol and SPS2 in the plastid. The head group of PQ in 
higher plants is derived from homogentisate. Prenylation by homogentisate solanesyl transferase 
(HST) followed by a single methylation step catalyzed by VTE3, results in PQ. The biosynthetic 
pathway of PQ differs in cyanobacteria, where the head group is derived from 4-
hydroxybenzoate similar to bacterial synthesis of ubiquinone [120]. 
PQ is a structural component of PSII and an electron carrier of the ETC, where it shuttles 
electrons between PSII and cytochrome b6f complexes (Figure 4). As such it serves as an 
important sensor of photosynthetic activity and imbalance between PSII and PSI activity [121, 
122]. As indicated in section 1.2.3 above, the redox state of PQ is implicated in regulation of 
multiple plastid processes, including regulation of plastid gene expression, state transitions, and 
carotenoid biosynthesis. 
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Consistent with the importance of PQ as an important sensor of photosynthetic rates, 
multiple points of control of PQ redox state have also been identified or proposed. The 
NAD(P)H dehydrogenase (NDH) complex was identified in plants by sequence homology to the 
well-known NDH complex of mitochondria [123, 124]. The NDH complex functions in cyclic 
electron flow and directs electrons from NAD(P)H into PQ. An alternative pathway of cyclic 
electron flow using a hypothesized ferredoxin;quinone reductase (FQR) has been proposed 
which reduces thylakoid PQ using electrons from ferredoxin [71, 125]. Recently, the PG-
localized NAD(P)H dehydrogenase C1 (NDC1) protein has been demonstrated to provide 
NAD(P)H:quinone reductase activity at the plastoglobule, likely targeting the abundant 
plastoquinone PG pool for reduction using stromal NADPH [39]. Furthermore, the PTOX 
complex couples oxidation of thylakoid PQ to reduction of molecular oxygen in the chloroplast 
[72, 73]. 
PQ also serves as an important nonpolar antioxidant compound in the plastid membrane 
systems. It is demonstrated to contain strong antioxidant properties towards 1O2 and O2- and 
serve as a capable inhibitor of membrane lipid peroxidation [40-42, 126, 127]. Heightened 
accumulation of reduced PQ in light stressed plants, especially in PGs, is consistent with its 
likely ROS scavenging role [31, 116]. 
Tocochromanols are prenyl lipids containing a double-ring chromanol head group. 
Tocochromanols include tocopherols and tocotrienols, containing prenyl tails derived from 
phytyl-PP or GGPP, respectively. The chromanol head group can be formed from a quinone by 
cyclization reaction involving the isoprenoid tail and one of the hydroxyl groups of the quinone. 
Tocopherol cyclase (VTE1) has been demonstrated to use PQ as substrate to synthesize 
plastochromanol (PC), a tocochromanol with a C40 prenyl lipid tail. VTE1 is also responsible for 
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the cyclization reactions of benzoquinone substrate leading to tocotrienols and tocopherols [38]. 
The benzoquinone substrates of VTE1 are derived from a homogentisate head group, as in PQ of 
higher plants. 
Tocochromanols provide additional antioxidant capacity to plant cells. The importance of 
tocochromanols in the inhibition of non-enzymatic lipid peroxidation in seed tissue has been 
demonstrated by the significantly shortened seed longevity in tocopherol-deficient seed and 
massive accumulation of lipid peroxides in tocopherol-deficient seedlings [128, 129]. 
Surprisingly, tocochromanols also hold a significant role in low-temperature adaptation and 
phloem loading. Tocopherol mutants in A. thaliana and maize have impaired ability to export 
carbohydrates from cells [130, 131]. This may be related to tocopherol regulation of 
polyunsaturated fatty acid metabolism at low temperature through an unknown mechanism 
[132]. Although, ROS scavenging and antioxidant ability in tocochromanols has been well 
established, see e.g. [133-136], the tolerance of tocochromanol-deficient mutants to light stress 
indicates they play only a limited role in photoprotection [130]. One possibility is that 
carotenoids sufficiently fulfill the photoprotection role in the absence of tocopherol, as indicated 
by overlapping photoprotective ability demonstrated in Chlamydomonas reinhardtii [137]. 
Interestingly, a study of in vitro and in vivo tocopherol oxidation under high light stress revealed 
that while in vitro treatment of tocopherols with the oxidant 2,2’-azodi-2,4’-dimethylvaleronitrile 
resulted in 23 distinct oxidation products, analysis of oxidation products from light stressed A. 
thaliana leaf tissue could detect only two, α-tocopherolquinol and γ-tocopherolquinol, which 
were minor oxidation products in the in vitro assay [138]. This apparent specificity indicates 
oxidation of tocopherol in vivo occurs by an enzyme-mediated pathway in tocopherol oxidation 
and recycling under light stress. 
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1.3.2.3 – Chlorophyll Chlorophylls (chls) are the green pigments of photosynthesis, 
characterized by a polar tetrapyrrole head group chelating a Mg2+ atom, and a non-polar phytyl 
tail. Several forms of chlorophyll are found in nature. Higher plants synthesize just two forms of 
chl called chl a and b, which differ only in the methyl group on one of the pyrrole rings (Figure 
5A). Initial steps in the biosynthetic pathway of chlorophyll are shared with heme biosynthesis 
and are localized in the plastid stroma. The committed step of tetrapyrrole synthesis is synthesis 
of δ-aminolevulinic acid (ALA) derived from glutamate. Six subsequent steps result in the 
protoporphyrin IX intermediate, the branch point of heme and chlorophyll synthesis. Activity of 
magnesium chelatase inserts Mg into the protoporphyrin ring, directing the tetrapyrrole 
intermediate into chlorophyll synthesis. Subsequent reactions convert the Mg-protoporphyrin 
into protochlorophyllide which is reduced to chlorophyllide (Chlide) by protochlorophyllide 
oxidoreductase (POR). Phytol esterification, the final step in chlorophyll synthesis, is then 
catalyzed by chlorophyll synthetase producing chl a. Interconversion of chl a and chl b requires a 
single oxidation step, catalyzed by chl a oxygenase (CAO) [139]. 
The photosensitivity of chl intermediates in free form can lead to formation of 1O2, and 
thus chl synthesis demands tight control to prevent excess accumulation of unbound 
intermediates. A feedback mechanism has been identified in plants designed to shut down chl 
biosynthesis in the absence of light. POR activity is encoded in three isozymes in higher plants 
(POR-A, -B, -C), all of which are light-dependent for their activity. Thus, in the absence of light 
the substrate protochlorophyllide will accumulate and result in negative feedback on ALA 
synthesis [140]. Heme similarly displays feedback inhibition on ALA synthesis, as demonstrated 
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Figure 5. Plant chlorophylls and the chlorophyll degradation pathway. A, The molecular 
structure of plant chlorophylls a and b are shown. B, Plastid-localized chlorophyll degradation 
can follow two pathways, differing in the sequence of metal dechelation and dephytylation. 
Metabolites are in black and enzymes are in blue. See text for the explanation of abbreviations. 
 
by abrogation of heme oxygenase activity leading to significantly reduced levels of ALA and 
protochlorophyllide [141, 142]. This protochlorophyllide-mediated inhibition is dependent on the 
flu gene, which targets glutamyl-tRNA synthase for inhibition by an unknown mechanism [143]. 
The flu mutant accumulates harmful 1O2 causing cell death, but only upon transition from dark-
to-light, because the photosensitizer protochlorophyllide accumulates uncontrollably in the dark 
in the absence of the FLU protein [143]. Recently, FLU was identified in a protein complex with 
the final 4 steps of chl biosynthesis [144].  
POR-C has been found to be the primary form of POR in developed chloroplasts. POR-A 
and POR-B are the primary isoforms found in prolamellar bodies of developing chloroplasts, and 
demonstrate strict tissue- and organ-specific plastid import [145]. Interestingly, non-angiosperm 
plant species (e.g. algae, moss, lycopod, gymnosperms) contain an additional light-independent 
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form of POR (DPOR), and anoxygenic photosynthetic bacteria only contain the DPOR isoform 
[140]. 
Chl degradation into nonfluorescent chl catabolites (NCCs) occurs during developmental 
conditions such as senescence and fruit development and also appear to occur continuously on a 
smaller scale in photosynthetically-active leaf tissue as part of normal PS turnover [146]. As in 
chl synthesis, degradation requires delicate control to prevent accumulation of phototoxic 
intermediates. Degradation appears to proceed through chl a, and thus chl b must first be 
converted to chl a by chl b reductase (NYC1 and NOL) [147]. Initial steps of chl a degradation 
can proceed through two different pathways that might be determined by developmental cues 
(Figure 5B). In the first pathway, chl a is initially dephytylated by chlorophyllases (CHL1 and 
CHL2) leading to chlide a, which is subsequently dechelated by an unknown metal chelating 
substance (MCS), producing pheophorbide a (pheide a). The second pathway reverses the 
sequence of dephytylation and Mg dechelation. Chl a is first dechelated by MCS and 
subsequently dephytylated by phein pheide hydrolase (pheophytinase, PPH). Evidence indicates 
that the PPH-dependent pathway is favored specifically under leaf senescence [148, 149]. 
Regardless of the pathway, pheide a is subsequently oxidized to red chlorophyll 
catabolite (RCC) by pheide a oxygenase (PaO) and then reduced by red chlorophyll catabolite 
reductase (RCCR) to the primary fluorescent chlorophyll catabolite (pFCC). pFCC is then 
exported from the plastid by an unknown transporter where it is further catabolized in the cytosol 
and stored in the vacuole as NCCs [149]. 
The care taken by plants to prevent accumulation of chl intermediates is evident in the 
metabolic channeling identified at the LHCII. Recent evidence shows that STAY-GREEN (SGR) 
along with NYC1 and NOL (responsible for converting chl a to chl b), PPH, PaO, and RCCR all 
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bind as a complex to LHCII facilitating efficient breakdown of chl from LHCII [150]. SGR is 
necessary for chl degradation and it was suggested that SGR is responsible for binding to LHCII 
and initiating formation of the complex by recruiting the catabolic enzymes [150]. 
Free phytol released during chlorophyll degradation is harmful to lipid membranes and 
must be rapidly metabolized. A salvage pathway for phytol has been identified in higher plants 
[43] involving two successive phosphorylation steps catalyzed by distinct kinases, producing 
phytyl-PP which can re-enter prenyl lipid metabolism. The first of the two kinases has been 
identified as VTE5 and is critical for synthesis of tocopherols, indicating substantial flux of 
recycled phytol into tocopherol, consist with the dramatic increase in tocopherol accumulation 
during leaf senescence [151]. No candidate gene for the second kinase has been identified. An 
alternative fate of free phytol is to be esterified to free fatty acids, resulting in fatty acid phytyl 
esters deposited in PGs [26]. 
 
1.4 THYLAKOID GALACTOLIPID DEGRADATION AND JA SYNTHESIS 
 
1.4.1 Galactolipid degradation As with other lipid compounds, galactolipids undergo continuous 
metabolic turnover. Degradation of galactolipids is enhanced under certain developmental 
programs such as senescence and in response to various stresses, such as cold stress, Pi- or N-
limitation and wounding. In fact, evidence suggests that plastid membrane disassembly by 
lipases is a key initial step in triggering the senescence cascade [152, 153]. Nitrogen deprivation 
has been shown to result in disassembly of the thylakoid membrane system and deposition of 
lipophilic catabolites in the PG [26]. 
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 Galactolipid degradation occurs by the concerted action of galactolipases and 
galactosidases, leading to the release of galactose, glycerol, and free fatty acids. Little is known 
about the regulation of these catalytic steps and few of the genes have been identified. All seven 
class I acylhydrolases in A. thaliana were demonstrated to localize to the plastid, six of which 
demonstrated galactolipase activity in in vitro assays [154]. However, physiologically relevant 
activity has been demonstrated for only two of these, Defective in Anther Dehiscence 1 (DAD1) 
and Dongle (DGL) [155]. Both galactolipases were shown to be necessary for fatty acid supply 
of the JA biosynthetic pathway but under distinct conditions. DGL is highly expressed in leaf 
tissue and is required for maintenance of basal JA levels regulating vegetative growth. DAD1 
and DGL together are involved in JA synthesis in response to wounding, though they 
demonstrate different induction kinetics [155]. 
 
1.4.2 Jasmonic acid synthesis JA is an important endogenous regulator of plant defense 
responses to pathogen attack and wounding, and developmental programs including vegetative 
growth, senescence, and stamen development [156-158]. The current understanding of 
galactolipase function highlights the connection between galactolipid degradation and JA 
biosynthesis. JA is an oxylipin derived from α–linolenic acid (18:3). Most or all of the 18:3 
originates from galactolipid acyl groups, though there is some question whether initial steps in 
biosynthesis require free fatty acid substrate or modifications are introduced while still esterified 
to the glycerol group [44]. Synthesis of JA occurs across three cellular compartments: the plastid, 
peroxisome and cytosol. The initial step is the enzymatically-mediated peroxidation of 18:3 at 
carbon 13, catalyzed by 13-lipoxygenase (13-LOX). In A. thaliana LOX2, 3, 4, and 6 have 
demonstrated 13-LOX activity, while LOX1, and LOX5 have 9-LOX activity not involved in JA 
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synthesis [159]. The 13-LOX isoforms likely show tissue- or subcellular specificity. Indeed, 
AtLOX2 does not appear to be involved in the JA synthesis of developing pollen grains, in 
contrast to AtLOX3 and AtLOX4 and Zea mays TASSELSEED 1 [158, 160]. 
 The resulting oxylipin (13(S)-hydroperoxy octadecatrienoic acid) serves as substrate for 
allene oxide synthase (CYP74A, AOS) localized at the PG and thylakoid, which synthesizes the 
highly reactive intermediate allene oxide [37, 161]. Allene oxide is rapidly cyclized by allene 
oxide cyclase producing the cyclopentenone, 12-oxophytodienoic acid (OPDA) [162]. OPDA is 
subsequently exported (through an unidentified transporter) from the plastid to the peroxisome, 
where it undergoes reduction by OPDA reductase, followed by three successive β-oxidations to 
form JA. The active form of JA is the isoleucine conjugated form [163], synthesized in the 
cytosol. 
 Little is known about the regulation of the JA biosynthesis pathway. JA can be detected 
in leaves distant to a wound site within just three minutes. Interestingly, A. thaliana 
microRNA319a (miR319a) is an inhibitor of the JA pathway, by targeting certain members of 
the TCP family of transcription factors, responsible for expression of several JA biosynthetic 
genes. 
 
1.5 MOTIVATION AND SUBJECT OF THE DISSERTATION 
 
The PG is an enigmatic lipid-protein particle of plastids. Its size and abundance is highly 
dynamic and responsive to disturbances in plastid homeostasis caused by developmental 
transitions and (a)biotic stresses. The PG is a very prominent component of the plastid under 
these conditions. Yet, the significance of the PG is almost wholly unexplored. 
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The PG proteome, along with the known metabolites of the PG, has provided some clues 
to PG function in the plastid. A picture has begun to emerge of the PG serving as a crossroad of 
numerous metabolic pathways of the plastid, as well as a site for regulatory control of certain 
pathways and the general response of photoacclimation. PG-localized atypical ABC1 kinases are 
likely central in the regulatory network of PG activity. 
The objective of this dissertation is to investigate the role of the PG in plastid metabolism 
and the light stress response. Systems biology analyses of the PG, as well as phenotypic analyses 
of PG-localized abc1k mutants are used to confront this objective. 
Chapter 2 reports on an extensive proteomics analysis of the PG to dig deeper into the 
PG proteome to provide a quantitative picture and identify lower abundant members. A novel 
strategy is applied to compare protein abundance in proteomics experiments of various cellular 
compartments which successfully identified several new proteins highly enriched in the PG, 
including a metallopeptidase. A genome-wide co-expression analysis of the PG genes was then 
performed and used to construct a comprehensive model of PG function. 
Chapter 3 reconstructs the evolutionary history of the ABC1K family and a systematic 
nomenclature is proposed for the family. A functional domain analysis is then carried out for the 
ABC1K domain and conserved motifs are compared with those of the well characterized 
eukaryotic protein kinase domain. Finally, functions of the ABC1K proteins in higher plants are 
proposed. 
In Chapter 4 a phenotypic analysis of A. thaliana defective in ABC1K1 and ABC1K3 is 
presented. A conditional light stress phenotype is found in both single mutants and the double 
mutant at the whole plant level. Molecular analyses of the double mutant, including transmission 
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electron microscopy, metabolite profiling and proteomics, are presented. The results are 
consistent with impaired metabolism in multiple prenyl-lipid pathways. 
Chapter 5 outlines the ongoing yeast 2-hybrid analysis focused on identification of direct 
and indirect targets of the ABC1K family in PGs. Working hypotheses for ABC1K1 and 
ABC1K3 targets are presented. The current state of experimentation is described. 
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CHAPTER TWO 
 
THE FUNCTIONAL NETWORK OF THE ARABIDOPSIS PLASTOGLOBULE 
PROTEOME BASED ON QUANTITATIVE PROTEOMICS AND GENOME-WIDE CO-
EXPRESSION ANALYSIS 1,2 
 
2.1 ABSTRACT 
Here the PG proteome is more carefully defined and a conceptual framework for further studies 
is provided. The PG proteome from Arabidopsis leaf chloroplasts was determined by mass 
spectrometry of isolated PGs and quantitative comparison with the proteomes of unfractionated 
leaves, thylakoids and stroma. Scanning electron microscopy showed the purity and size 
distribution of the isolated PGs. Compared to previous PG proteome analyses, we excluded 
several proteins and identified six new PG proteins, including an M48 metallopeptidase and two 
ABC1 atypical kinases, confirmed by immunoblotting. This refined PG proteome consisted of 30 
proteins, including 6 ABC1 kinases and 7 fibrillins together comprising more than 70% of the 
PG protein mass. Other fibrillins located predominantly in the stroma or thylakoid and not PG; 
we discovered that this partitioning can be predicted by their isoelectric point and 
hydrophobicity. A genome-wide co-expression network for the PG genes was then constructed 
from mRNA expression data. This revealed a modular network with four distinct modules that 
each contained at least one ABC1K and/or fibrillin gene. Each module showed clear enrichment 
                                                   
1 Previously published in Lundquist, et al, Plant Physiology 2012 158 (3) 1172-1192. Copyright owned by 
the American Society of Plant Biologists (ASPB). 
2 M48 antibody was constructed by Dr. Nazmul Bhuiyan. In-gel digestions and mass-spectrometry 
operation was performed by Drs. Anton Poliakov and Boris Zybailov. 
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in specific functions, including chlorophyll degradation/senescence, isoprenoid biosynthesis, 
plastid proteolysis and plastid redox and kinase regulators of electron flow (e.g. thioredoxins, 
STN7, RAP38). We propose a new testable model for the PGs, in which sets of genes are 
associated with specific PG functions. 
 
2.2 INTRODUCTION 
Plastoglobules (PGs) are lipoprotein particles localized in the various types of photosynthetic and 
non-photosynthetic plastids of photosynthetic organisms. In chloroplasts, PGs are contiguous 
with the thylakoid membrane – reviewed in [1-3]. PGs can be released from the thylakoid 
membrane by sonication, and purification based on their low density has facilitated analysis of 
their metabolites [4-7] and protein composition [4, 8]. This has shown that PGs contain various 
prenyl lipids and neutral lipids, including plastoquinone, phylloquinone, α-tocopherol, fatty acid 
phytyl esters, and triacylglycerol. For many years it was believed that PGs solely represented a 
passive lipid deposition site for the plastid. Thus, the discovery of several dozen PG-localized 
proteins, mostly with unknown functions, was highly surprising [4, 8]. The PG proteome 
contains a number of proteins of which only a few, such as tocopherol cyclase (VTE1) and allene 
oxide synthase (AOS), have an established function. In addition to these various (putative) 
enzymes, the PG proteome contains a number of proteins of the fibrillin (FBN) family, initially 
believed to play more structural functions. However, based on the presence of lipocalin domains 
in some of these FBNs, it has recently been suggested that they may also play a role in 
metabolite transport [2]. Finally, the PG proteome also contains a number of ABC1K proteins; 
these are putative atypical kinases with homology to an ABC1K in yeast and E. coli, where they 
regulate ubiquinone synthesis [9-11]. The presence of several of the ABC1K proteins in PGs is 
49 
 
puzzling and we earlier suggested that they play a central role in regulation of PG metabolism [1, 
8]. 
 PGs appear to play a role in chloroplast development, senescence, and stress defense. 
Their shrinking and swelling in response to (a)biotic stresses and during developmental 
transitions, as well as in plastid biogenesis mutants is well documented [6, 12-14]. Recent results 
suggest that PGs are involved in active channeling of hydrophobic metabolites between the 
thylakoid and PG, permitted by the contiguous association of the two structures [6, 15]. In 
particular during various abiotic stresses (e.g. N-starvation, drought or light stress), but also 
during senescence, components of thylakoid degradation, such as fatty acids and phytol tails 
from chlorophyll, are channeled into the PGs, likely accounting for the massive swelling. Within 
the PG, several of the observed proteins likely play a role in the recycling of such thylakoid 
catabolites, in addition to a role in synthesis of isoprenyl lipids such as tocopherol and 
plastoquinone [4, 8].  
 Despite the recent progress on PG analysis, it remains unclear how the PGs fit into plastid 
metabolism and chloroplast homeostasis, mostly because functions for many PG-localized 
proteins are unknown. Key questions about PGs are: i) what determines and controls their size, 
shape and content, ii) how are proteins recruited to the PG proteome and how does the PG 
proteome change in response to changes in developmental state or (a)biotic conditions, iii) what 
are the functions of the PG proteins and how are they related to each other? The current study 
aims to provide a better framework to help answer these questions by defining a functional 
network. 
 We first examined the quantitative protein composition of PGs isolated from leaves 
subjected to 5 days of increased light intensity (500 μmol photons.m2.s-1) and compared this 
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quantitatively against proteomics datasets of leaf, thylakoid, and stroma preparations to identify 
proteins specifically enriched in the PG. Because we used a far more sensitive mass spectrometer 
than used in previous PG proteome analyses [4, 8], combined with both in-gel and in-solution 
digestions, we expected to discover more low abundant members of the PG proteome. Indeed, 
we identified a number of new PG proteins, including an M48 metallopeptidase (M48), two 
additional ABC1K proteins and a senescence-associated gene (SAG) protein. The surprising 
localization of M48, as well as two ABC1K proteins, to PGs was confirmed by immunoblotting.  
 Transcripts or proteins involved in related biological pathways or complexes often 
accumulate simultaneously. Therefore, co-expression often implies the presence of functional or 
physical linkages between genes or proteins, allowing for identification of new components of 
processes or protein complexes. Indeed, co-expression analysis has been used extensively in 
plant biology to identify putative protein functions and determine physical or functional 
connections between proteins [16-26].  
 Here we employed such a transcriptional genome-wide co-expression analysis, using the 
core PG proteome as input, to provide a better framework for PG functions and to associate PG 
proteins to functional activities. This identified a co-expression network with 4 modules, each 
with a specific set of enriched functions, including plastid proteases, redox regulators, cyclic 
electron flow components and genes encoding for a specific subset of proteins involved in plastid 
prenyl-lipid metabolism. Specific ABC1K proteins and FBNs were centrally positioned in 
different modules within the network. This study better defines the core PG proteome and its 
functions in leaves. We propose a new conceptual model for the PGs, suggest a parallel to lipid 
rafts, and provide an intellectual and practical framework for further analysis. 
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2.3 RESULTS 
 
2.3.1 Size distribution, extractability, coalescence, and purity of isolated PGs from light-shifted 
Arabidopsis leaves As starting material for our study, we grew Arabidopsis plants on soil for 2.5 
weeks at 120 µmol photons.m-2.s-1 and transferred them to 520 µmol.m-2.s-1 for 5 days. The 
higher light intensity increased PG volume and yield and made them more amenable for 
experimental analysis [8]. The mild light stress treatment accelerated vegetative growth, 
increased anthocyanin accumulation in the leaves, and resulted in only minor visible damage at 
the edges of the oldest leaves, but no damage to younger leaves. 
 Isolation of PGs from the Arabidopsis leaf rosettes was performed by sonication of 
isolated thylakoid membranes followed by flotation density centrifugation, as in [8]. The 
enrichment of PGs was confirmed by immunodetection of the VTE1 protein (Figure 1A), known 
to be uniquely localized in the PG as determined by YFP localization and immunogold labeling 
[4], immunoelectron tomography [15] and proteomics [4, 8]. 
Densitometric analysis of the immunoblots indicated a more than 400-fold enrichment of 
VTE1 in the PG preparations compared to the original thylakoid membranes (the starting 
material). We also measured a ~4-fold depletion of VTE1 in thylakoids following sonication, 
indicating that ~75% of the PG material is extracted from the thylakoids by sonication (Figure 
1B). Hence, our results demonstrate that the isolated PGs were highly enriched for PG particles 
and that the majority of the PGs were successfully extracted from the thylakoid membrane. 
 
52 
 
 
Figure 1. PG extraction and purification efficiency. A, Immunoblot of a thylakoid sample prior 
to sonication and purified PG fractions. Proteins were separated by 1D SDS-PAGE and probed 
with antibody against PG marker protein, VTE1. 1x corresponds to 2.2 μg protein. B, 
Immunoblot of thylakoid samples prior to sonication and after sonication for removal of PGs. A 
Ponceau stain of protein is included as a loading control. 1x corresponds to 10 μg protein. C, 
Histogram illustrating the distribution of PG diameters from transmission electron micrographs 
(TEM) of chloroplasts in mature light stressed leaf tissue and scanning electron micrographs 
(SEM) of purified PG preparations, n ≥ 263 measurements. D, Transmission electron micrograph 
(TEM) of 5-day light stressed leaf chloroplast of A. thaliana (Col-0), representative of the time 
point PG preparations were made. An image of a typical light stressed Arabidopsis rosette plant 
is shown. PGs in the TEM, marked by white arrows, appear as gray circles with black periphery 
or, less frequently as solid black circles. E, SEM of A. thaliana (Col-0) purified PGs, 
demonstrating efficient isolation of PGs with varying diameters. Scale bars in (D) and (E) = 500 
nm. 
 
 Transmission electron micrographs (TEM) of PGs in vivo have demonstrated a broad size 
distribution, even within the same chloroplast [15], however the relationship between PG size 
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and PG proteome is not known. For a correct and meaningful quantitative and qualitative 
analysis of the PG proteome, it was therefore critical to extract PGs representing the entire in 
vivo population, without bias for size or other (unknown) properties, while keeping 
contamination from thylakoids and other compartments to a minimum. Therefore we compared 
the size distribution of the extracted PG particles to the in vivo size distribution. TEM of the leaf 
tissue showed a broad distribution of PG sizes, with diameters ranging from ~175 nm to ~600 
nm, and peaking between 250-350 nm (Figures 1C and D). PG preparations were analyzed by 
scanning electron microscopy (SEM) and also showed a broad size distribution from ~50 to ~600 
nm, peaking between 100-250 nm (Figure 1C and E). This demonstrated that PGs of all 
physiologically relevant sizes were extracted efficiently, with a small bias to smaller particles. 
Interestingly, the micrographs of PG preparations sometimes showed PGs in grape-like clusters, 
similar to those described in TEM micrographs of leaves [5, 12, 15, 27] (Figure 2A and B). 
Despite the clustering found in the preparations, each PG clearly maintained its individual 
structure and they did not coalesce. Apparently, component(s) at the PG-solution interface act to 
maintain PG structural integrity and are extractable with the PGs, likely a FBN coat surrounding 
the PG periphery. Evidence of minor amounts of thylakoid membrane fragments was also found 
in the micrographs. While the isolated PGs demonstrated remarkably smooth surfaces, the SEM 
also showed infrequent amorphous structures scattered generally attached to PGs (Figure 2C). 
The size of these structures, the presence of attached PGs, and their amorphous shape suggested 
that they are thylakoid membrane fragments.  Importantly, these amorphous structures were far 
less abundant than the PGs, indicating high PG purity, which was further confirmed by the 
proteomics experiments (see next section). Summarizing, our results demonstrate that more than 
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~75% of the PGs, from all physiologically relevant sizes, were successfully extracted from the 
thylakoid membrane into highly enriched PG preparations. 
 
 
Figure 2. Scanning electron micrographs of PG preparations. A and B, Representative images 
demonstrating PG clustering. C, Representative amorphous globule, likely representing stromal 
lamellae thylakoid attached to PGs. 
 
2.3.2 Improved coverage and quantification of the PG proteome The first comprehensive PG 
proteome analyses were carried out using a Q-TOF mass spectrometer [8] or a LCQ Deca XP ion 
trap mass spectrometer [4]. Recent improvements in sensitivity, mass accuracy, and speed of 
mass spectrometers have enabled detection of lower abundant proteins in complex mixtures and 
also facilitate mass spectrometry-based label-free proteome quantifications using spectral 
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counting [28-30]. Thus a much more sensitive and quantitative analysis of the PG proteome 
should now be possible. The spectral counting technique is based on the observation that the 
number of successful MS/MS acquisitions of peptides coming from a protein shows a positive 
and linear correlation to the relative concentration of this protein in the studied sample [31-34]. 
Spectral counting is particularly effective to detect large quantitative differences, as expected in 
our study where we compare (sub)cellular or suborganellar fractions that are very different in 
function and composition. We previously optimized the SPC workflow and tested it for 
Arabidopsis and maize organelles, cell-types and complexes, e.g. [35-38]. The relative 
normalized abundance (relative mass contribution) of each protein within each sample, 
NadjSPC, was calculated from the number of adjusted matched MS/MS spectra (adjSPC), 
normalized to the total adjSPC per sample, as defined previously [36]. Thus a protein with a 
NadjSPC= 0.01 contributes ~1% of the protein mass of the analyzed sample. As a general rule, 
the accuracy of quantification improves with the number of adjSPC per protein.  
 Here we employed a LTQ-Orbitrap mass spectrometer [39] coupled to a nanoLC system, 
to search for additional, more low-abundant proteins located in the PG. Moreover, we re-
evaluated previous assignments of proteins to the PG [4, 8] based on quantitative comparative 
proteome information. Using three independent PG preparations, the PG proteome was analyzed 
in two different ways: i) PG proteins were separated by SDS-PAGE, each lane cut in 5 slices, 
and in-gel digested with trypsin, and ii) unfractionated PGs were delipidized and digested in-
solution with trypsin. These protein digests were then analyzed by MS/MS in the LTQ-Orbitrap 
(Figure 3A). The rationale for using these two different protein extraction/separation methods 
was to: i) maximize detection of low abundant proteins, ii) increase the robustness of protein 
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quantification, and iii) improve protein sequence coverage. Proteins identified by only a single 
peptide sequence, irrespective of post-translational modification or charge state, were discarded  
 
 
Figure 3. Identification of the PG proteome by in-gel and in-solution methods. A, Three 
independent preparations of PGs were made from 5-day light stressed A. thaliana. Thylakoids 
were isolated from total leaf tissue and sonicated to release PGs. Aliquots of each PG preparation 
were then separated by SDS-PAGE and in-gel digested or delipidized, in-solution digested, and 
zip-tipped. In-solution and in-gel digested peptides were analyzed with a nanoLC-LTQ-Orbitrap 
mass spectrometer. 234 unique proteins were identified in total, 129 of which were identified by 
both experimental methods. B, Comparison of NadjSPC between each of the 234 proteins 
between the in-gel and in-solution methods demonstrates consistent quantification of proteins 
above 0.001 NadjSPCs, marked in grey. C, Comparison of protein abundance (measured as 
NadjSPC) between each of the three biological replicates (repl). R2, Pearson Correlation 
Coefficient. N, number of proteins. Proteins only present in one of each pair were included in the 
correlation analysis and were represented by a zero value when absent.  
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to increase the robustness of the analysis and avoid any false-positive protein identification; 
these proteins represented <1% of the protein mass in PGs. 
 
2.3.3 Defining the core PG proteome The combined proteome analysis identified 234 proteins, 
with 129 identified by both in-solution and in-gel workflows and respectively 6 and 99 proteins 
identified in only the in-solution or in-gel digestions (Figure 3A). The 129 proteins identified by 
both methods represented ~99% of the PG protein mass, showing that only the least abundant 
proteins were not identified by both methods. The in-solution and in-gel methods showed a good 
correlation for the relative protein abundance for proteins with abundance >0.001, i.e. proteins 
that each represent >0.1% of the protein mass of the PGs (Figure 3B - grey area). Protein 
sequence coverage was on average 26% for the in-gel method and 16% for the in-solution 
method; this increased to 37% and 27% respectively if we only considered the 129 proteins 
identified by both methods. The correlation of the average NadjSPC values (combining both in-
gel and in-solution data) between the three biological replicates was excellent, with pair-wise 
correlation coefficients between 0.902 and 0.960 (Figure 3C). 
We then determined those proteins highly-enriched in the PGs, hereafter named the 
‘core’ PG proteome, using the workflow as depicted in figure 4A. The core PG proteins were 
distinguished from non-plastid contaminants or proteins localized primarily elsewhere in the 
chloroplast by comparing the abundance in PGs to their average abundance in total leaf extracts 
(5 biological replicates with 2 replicates from [40] and 3 from this study), and isolated thylakoid 
and stromal fractions [35]. Furthermore, core PG proteins were required to have a minimal 
abundance (NadjSPC >0.001) and be observed in the PGs by both in-gel and in-solution methods 
(Figure 4A).  
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For selection of core PG proteins, we first discarded those proteins with a PG/leaf 
abundance ratio below 10; only 52 proteins out of the 234 proteins passed this first filter. We 
emphasize that this was a relatively ‘relaxed’ minimal threshold considering that the PG 
 
 
Figure 4. Determination of the PG core proteome. A, The PG proteome flow diagram. 234 
unique proteins were identified and quantified from the in-solution and in-gel experiments of 5-
day light-stressed A. thaliana (Col-0) PGs. These 234 proteins were passed through 4 sequential 
filters, first by comparing the protein abundance between the PG and representative preparations 
of total leaf, thylakoid and stroma (measured as average NadjSPC) and then discarding proteins 
with abundances less than 0.001 NadjSPC in PG preparations and not found in both methods. 32 
proteins passed all 4 filters. Manual curation then found the caleosin, RD20, and PLAT/LH2-2, 
to be ER-localized (Aubert et al., 2010) (http://gfp.stanford.edu/index.html) and were manually 
removed, resulting in a core PG proteome comprised of 30 proteins. This core proteome then 
served as the input for a genome-wide co-expression analysis. B and C, Sub-organellar 
distribution (B) and abundance (C) of the 52 proteins passing the total leaf filter (enriched > 10-
fold in PGs) were plotted. Proteins with PG/stroma < 20 or PG/thylakoid < 5 are gray and were 
eliminated from the core proteome by the filter series. D, Relative mass contributions of the 30 
PG core proteins to the total PG core proteome. 
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proteome represents less than 10% of the leaf proteome – however, this was already very 
effective to remove non-plastid contaminants, as well as the abundant proteins of the 
photosynthetic apparatus, and other proteins not truly enriched in PGs. Importantly, it also 
removed several proteins that were earlier assigned to the PG, including fructose bisphosphate 
aldolase 1 and 2 (FBPA-1 and -2) [4, 8]. Furthermore, FBN3a and FBN10 were also eliminated, 
because they showed PG/leaf abundance ratios of only 0.9 and 4.7 respectively (Table 1). The 
relative abundance and distribution of the remaining 52 proteins between PGs, thylakoids and 
stroma is displayed in Figures 4B,C. 
 
 
  
As a next step, we removed proteins that failed to show at least a 5-fold enrichment in the 
isolated PGs compared to the thylakoid (Figure 4A). This resulted in removal of 4 proteins – a 
DnaJ domain protein, a glutaredoxin (GRX), a protein with an unknown function (At5g62140) 
accession # name PG/stroma PG/thylakoid PG core
thylakoid / 
stroma
AT1G51110.1 FBN10 not in stroma 1.8 no not in stroma
AT4G04020.1 FBN1a 176.2 34.0 yes 5.2
AT4G22240.1 FBN1b 712.8 39.9 yes 17.9
AT2G35490.1 FBN2 1187.7 59.0 yes 20.1
AT3G26070.1 FBN3a not in stroma 0.1 no only thylakoid
AT3G26080.1 FBN3b not in stroma not in PG no only thylakoid
AT3G23400.1 FBN4 121.2 32.0 yes 3.8
AT5G09820.1 FBN5.1 not in PG ─ no only stroma
AT5G19940.1 FBN6 not in PG not in PG no 15.0
AT3G58010.1 FBN7a 145.6 14.8 yes 9.9
AT2G42130.4 FBN7b 23.5 10.6 yes 2.2
AT2G46910.1 FBN8 434.1 29.4 yes 14.8
AT4G00030.1 FBN9 ─ ─ no not observed
AT1G18060.1 FBN-like not in PG not in PG no 22.7
variant (a) FBN7a (1-290)
variant (a) FBN7a (1-133)
(a) from Ref. [46]
Table 1. Subplastid localization of fibrlllin proteins and their variants
stroma
thylakoid
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and allene oxide synthase (AOS) (Figure 4B). Finally, 4 proteins with a PG/stroma abundance 
ratio below 20 were discarded – these were thioredoxin m4 (TRXm4), UV-B/Ozone similarly-
regulated protein (UOS1), an unknown protein with DUF1350 domain and fructose-bisphosphate 
aldolase-3 (FBPA-3) (Figure 4B).  
The remaining 44 proteins were then evaluated for abundance and frequency of 
identification in the PG proteome analysis (Figure 4C). 12 proteins with a relative abundance 
below NadjSPC of 0.001 (corresponding to ≤0.1% of the protein mass) (Figure 4C), or only 
identified by one of the methods, were discarded (We note that none of these proteins were co-
expressors of the PG core genes – see further below). Finally, we manually evaluated the 
remaining 32 proteins for known subcellular localization and/or function. Two proteins were 
discarded from the core proteome based on literature evidence. The extra-plastidic caleosin 
protein RD20 (at2g33380) has been shown to be localized in cytosolic lipoprotein particles [41], 
while a PLAT/LH2 domain protein (at2g22170) is likely ER-localized based on GFP-tagging 
(http://gfp.stanford.edu/index.html). Thus, these proteins were removed from the final list.  
Because the PGs were isolated from plants shifted for 5 days to higher light intensities 
(500 μmol photons.s-1.s-1), we also determined and quantified the total leaf proteome of these 
plants (three independent replicates). However, using these quantitative total leaf proteome data 
in the workflow (Figure 4A) did not affect the final selection of core PG proteins. 
 
2.3.4 The core PG proteome Table 2 summarizes the core PG proteome with their relative 
abundance (including the coefficient of variation - CV) and enrichment as compared to other 
plastid compartments. The CV of protein abundance across the 3 biological replicates was 24%, 
indicating an excellent reproducibility. Twenty-three of the 30 core proteins were previously 
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assigned to the PG in [4] or [8], with 18 identified in both studies (Table 2). VTE1 showed a 
PG/thylakoid ratio of 131, consistent with the high ratio determined by the immunoblot analysis 
(Figure 1A), and was not detected in chloroplast stroma. 
Another seven proteins were newly identified as plastoglobular, namely two ABC1 
kinases (ABC1K6 and K7), a PLAT/LH2-domain protein (PLAT/LH2-1), an esterase-domain 
protein (Esterase 1), two proteins of unknown function (Unknown-2 with DUF1350 and 
Unknown Senescence-Associated Gene - SAG), and a metallopeptidase M48-domain protein. 
Six of these seven proteins are the lowest abundant proteins of the core PG proteome (Table 2), 
explaining their previous lack of detection. Thirteen proteins previously assigned to the PG did 
not pass our filters (Table 2); these were AOS, FBPA-1,2,3, FBN3a, two RNA-associated 
proteins (Rap38&41), an ATPase, WAVE3, peroxiredoxin Q, and three proteins of unknown 
function (see Discussion).  
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1 2 3
AT4G04020 Fibrillin 1a (FBN1a) 0.100 15 16.1 34 176 x x x
AT3G23400 Fibrillin 4 (FBN4) 0.074 30 11.9 32 121 x x x
AT4G22240 Fibrillin 1b (FBN1b) 0.059 12 9.6 40 713 x x x
AT2G35490 Fibrillin 2 (FBN2) 0.044 4 7.1 59 1188 x x x
AT5G05200 ABC1K9 0.032 8 5.2 440 - x x x
AT4G31390 ABC1K1 0.028 8 4.5 16 - x x
AT1G79600 ABC1K3 0.027 23 4.3 11 - x x x
AT3G58010 Fibrillin 7a (FBN7a) 0.022 44 3.5 15 146 x x x
AT4G19170 Carotenoid dioxygenase 4 (CCD4) 0.021 25 3.3 18 42 x x x
AT4G32770 Tocopherol cyclase (VTE1) 0.016 5 2.6 131 - x x x
AT1G54570 Diacylglycerol acyltransferase 3 (DGAT3) 0.016 12 2.6 31 - x x x
AT5G08740 NAD(P)H dehydrogenase C1 (NDC1) 0.015 8 2.5 19 - x x x
AT2G42130 Fibrillin 7b (FBN7b) 0.013 45 2.1 11 23 x x
AT1G32220 Flavin reductase-related 1 0.013 23 2.1 22 102 x x x
AT4G13200 Unknown 1 0.012 17 1.9 11 - x x x
AT3G10130 SOUL domain protein 0.011 10 1.8 61 - x x x
AT2G46910 Fibrillin 8 (FBN8) 0.011 12 1.8 29 434 x x
AT1G71810 ABC1K5 0.011 12 1.7 17 - x x
AT1G78140 UbiE methyltransferase related 1 0.009 43 1.5 48 - x x x
AT1G06690 Aldo/keto reductase 0.009 35 1.5 13 765 x x
AT2G34460 Flavin reductase-related 2 0.009 26 1.5 6 75 x x x
AT2G41040 UbiE methyltransferase related 2 0.009 17 1.5 72 - x x x
AT3G26840 Diacylglycerol acyltransferase 4 (DGAT 4) 0.009 14 1.4 - - x x x
AT3G24190 ABC1K6 0.016 14 2.6 15 322 x
AT4G39730 PLAT/LH2-1 0.010 29 1.6 - - x
AT3G43540 Unknown 2 (DUF1350) 0.008 42 1.3 14 80 x
AT3G07700 ABC1K7 0.005 27 0.8 37 - x
AT1G73750 Unknown SAG 0.002 80 0.4 - - x
AT3G27110 M48 protease 0.002 42 0.3 17 - x
AT5G41120 Esterase 1 0.002 30 0.3 - - x
AT5G42650 AOS x
AT1G09340 Rap38/CSP41B x
AT1G26090 Anion-transporting ATPase x
AT1G28150 Unknown x
AT4G01150 Unknown x
AT3G63140 Rap41/CSP41A x
AT5G01730 WAVE3 x
AT2G21330 FBPA-1 x x
AT4G38970 FBPA-2 x x
AT2G01140 FBPA-3 x x
AT3G26060 Peroxiredoxin Q (Prx Q) x
AT1G52590 Unknown  (DUF39) x
AT3G26070 Fibrillin (FBN3a) x
(a) Abundance of each PG core protein.
(b) Coefficient of variation of the average NadjSPC across the three biological replicates.
(c) 1, Ref. [4]; 2, Ref. [8]; 3, current analysis.
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The four most abundant proteins were all FBN proteins (FBN1a, 1b, 2, and 4) and were 
also found previously to be the homologues of the FBNs in red pepper chromoplast 
plastoglobules [8], suggesting they may hold a general function in maintenance of plastid lipid 
body structure. The six FBN core proteins constituted 53% of the PG proteome mass (Figure 
4D). The second most abundant class of core proteins consisted of six ABC1 kinases, together 
constituting 19% of the core PG proteome mass. The original ABC1K proteins, identified in 
Saccharomyces cerevisiae (Abc1p/Coq8p) and Escherichia coli (UbiB), are implicated in 
regulation of ubiquinone metabolism [9, 42]. In particular, phosphorylation of several members 
of the ubiquinone biosynthetic complex is dependent on Abc1p/Coq8p [10]. However, the role 
and possible targets of the PG-localized ABC1K proteins are unknown. Carotenoid cleavage 
dioxygenase 4 (CCD4), with specificity for 8'-apo-β-caroten-8'-al in Arabidopsis [43], was 3.3% 
of the proteome mass. The VTE1 protein, involved in tocopherol biosynthesis [44], was 2.6% of 
the proteome mass and the NAD(P)H dehydrogenase C1 (NDC1), which reduces plastoquinone 
to plastoquinol and is necessary for phylloquinone synthesis [45] was 2.5% of the proteome 
mass. The M48 protein was only 0.3% of the proteome mass (Table 2). 
  
2.3.5 Confirmation of PG localization of ABC1K2, ABC1K3 and Peptidase M48 by 
immunoblotting To further validate our quantitative proteomics analysis, we generated specific 
antisera against three PG core proteins, ABC1K2, ABC1K3 and the low abundant M48 protease 
because of its novelty as a potential PG-localized protease. Specific, polyclonal antisera were 
raised against affinity purified E. coli overexpressed domains of each of the three proteins. After 
confirming the specificity of the sera, we compared isolated thylakoid fractions and isolated PGs 
for protein abundance of M48, ABC1K2 and ABC1K3 using immunoblots. Figure 5 shows that 
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ABC1K2, ABC1K3 and M48 were ~10, 20 and >50-fold enriched in isolated PGs compared to 
(untreated) thylakoids, in agreement with the PG/thylakoid abundance ratios of respectively 11, 
16 and 17 measured by mass spectrometry (Table 2). This provides independent evidence that 
metallopeptidase M48 and the two ABC1K proteins are highly enriched in the PG, and indicate 
that our mass spectrometry–based quantitative analysis does provide reliable information about 
the core PG proteome.  
 
 
 
Figure 5. M48 protease, ABC1K2 and ABC1K3 are enriched in the PG preparations. 
Immunoblots of a thylakoid sample (prior to sonication) and the PGs (subsequently extracted by 
sonication), illustrate enrichment levels comparable to those determined by mass spectrometry. 
The Poinceau stain is included for each blot as a loading control. 1x = 10µg. 
 
2.3.6 Partitioning of the FBN proteins between PGs and the thylakoid or stroma We identified 
all 12 known FBNs, as well as a FBN-like protein (AT1G18060), in our collective proteome data 
sets of leaves, chloroplast stroma, thylakoids and PGs (Table 1). However, we assigned only 7 
FBNs to the PG core proteome, based on our quantitative analysis (Figure 4A), because the other 
FBNs did not preferentially locate to PGs. Therefore, we searched for physical-chemical 
properties of the FBN protein family that correlated with subplastid localization. We also 
included two truncation products of FBN7a, FBN7a (1-133) and FBN7a (1-290), which 
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localizations were determined by YFP-tagging as localized to stroma and PG, respectively [46]. 
The combination of isoelectric point (pI) and hydrophobicity (calculated as the GRAVY index) 
for each of the FBN correlated surprisingly well with their relative distribution between stroma, 
thylakoids and PG (Figure 6; Table 1). The FBN proteins could be placed in one of four groups: 
i) strongly enriched in the PG (at least 10-fold), ii) equal enrichment between the PG and 
thylakoid (PG/Thy ≈ 1), iii) strongly enriched in the thylakoid as compared to PG (>10-fold), 
and iv) stroma-localized, not identified in PG or Thy. All 7 PG-localized FBNs, as well as the 
truncated FBN7a (1-290), were found to display low pIs and (on average) higher hydrophobicity 
indices. Conversely, all 6 FBNs strongly enriched in the thylakoid membrane fraction displayed 
higher pIs and lower hydrophobicity indices. Importantly, FBN10, the only FBN with 
approximately equal ratio between PG and thylakoid (PG/thylakoid = 1.8) showed an 
intermediate pI and hydrophobicity index. Finally, the stroma-localized FBN5 and FBN7a (1-
133) demonstrated a low pI and the lowest hydrophobicity indeces of the 16 proteins products. 
The pI and GRAVY index however did not predict subplastid localization of other members of 
the core PG proteome, likely because they have very diverse secondary structures. 
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Figure 6. Fibrillin localization is determined by isoelectric point and hydrophobicity. The 
isoelectric point and hydrophobicity (GRAVY index) were measured for 16 FBN protein 
products (-cTP) using the ProtParam tool at the ExPasy website (http://expasy.org/). FBN7a(1-
290) and FBN7a(1-133) indicate the two truncation products of FBN7a, analyzed for localization 
in (Vidi et al., 2006). The 16 proteins were grouped by sub-cellular localization and plotted by 
hydrophobicity (GRAVY index) and isoelectric point (pI). *FBN9 was only observed with low 
MOWSE scores in total leaf extracts. 
 
2.3.7 A PG co-expression network shows strong, specific enrichment for genes of four plastid 
functions Because the functions of most PG proteins are unknown and hard to predict, we 
employed a genome-wide transcript co-expression analysis to identify putative functions for the 
PG core proteins, identify potential targets for the ABC1K proteins, generate testable hypotheses 
and provide a better framework for further studies. Several co-expression analysis tools have 
been developed and employed in plant co-expression analysis, each offering their own suite of 
functions and set of normalized microarray experiments, e.g. see [47-49]. We tested and 
compared three different publicly available co-expression tools – MetaOmGraph [50], BAR [51] 
and ACT [52] - for their ability to identify co-expression relationships among functionally and 
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physically associated gene products. Using the well-studied gene family encoding for the ClpPR 
protease complex in plastids and mitochondria [38] and 10 genes encoding for enzymes involved 
in tetrapyrrole biosynthesis, we first demonstrated that although the three software programs, 
MetaOmGraph, BAR and ACT, show quantitative differences in co-expression rankings, true co-
expressers were consistently found (Figure 7). We also tested to see if PG core genes 
preferentially expressed with other PG core genes, rather than genes encoding for plastid proteins 
in general or with genes encoding for extra-plastidic proteins. This showed that PG core genes 
generally preferentially co-express with other PG genes at higher Pearson correlation coefficients 
(PCC) (Figure 8). Importantly, these tests also showed that genes encoding for plastid proteins 
are clearly not co-expressed as a single group, and thus that we should be able to find specific 
co-expression patterns for PG core proteins. 
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Figure 7. Coexpression within gene sets of chlorophyllide biosynthesis and the ClpPR protease 
complex. A, All pairwise combinations of genes in each geneset are illustrated. Gene pairs 
demonstrating co-expression in all three software programs are indicated with a red “x”. Gene 
pairs demonstrating co-expression in one or two of the software programs are indicated with a 
black “x”. Presumed true-positive interactions are indicated with green, presumed true-negatives 
in red. B, All co-expression pairs from each of the three software programs are shown. Enzymes 
of the chlorophyllide synthesis pathway are named as follows: CHLI-1, Mg-protoporphyrin IX 
chelatase I-1; CHLI-2, Mg-protoporphyrin IX chelatase I-2; CHLD, Mg-protoporphyrin IX 
chelatase D; GUN5, Mg-protoporphyrin IX chelatase H (CHLH); CHLM, Mg-protoporphyrin IX 
methyltransferase; CHL27, Mg-protoporphyrin IX monomethyl ester cyclase; DVR, 3,8-divinyl 
protochlorophyllide 8-vinyl reductase; POR, protochlorophyllide oxidoreductase. 
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Figure 8. PG genes preferentially maintain coexpression with other PG genes at higher PCCs. 
Genes analyzed for co-expression correlation were annotated for inclusion in 4 groups describing 
sub-cellular localization: Group I: PG-localized as determined in this paper “PG”, Group II: 
plastid-localized as curated in the Plant Proteome Database (Sun et al., 2009), based on 
experimental evidence “PPDB”, Group III: plastid-predicted by TargetP (Emanuelsson et al., 
2000), “TargetP”, Group IV: all genes not fitting in any of Group I-III “none of the above”. The 
fraction of genes above each of the given PCCs were plotted and the size of each group is 
indicated in the key. See the supplemental text for an explanation of abbreviations. A, Graphs of 
four representative PG genes are illustrated. The fraction of genes of Group I (PG) co-expressing 
above each PCC are consistently as high or higher than the fractions of the other 3 groups. B, 
Two plastidic, non-PG genes (Chl synthase, KAS I) demonstrate that Group I “PG” enrichment 
at each PCC value is not a general response of plastid genes. 
 
We chose to employ the MetaOmGraph program to investigate the PG co-expression 
network because of its user-friendly nature and validated the final results with the other two 
programs. We discarded from the analysis those probes measuring multiple genes to ensure that 
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we were testing specific gene-gene co-expression relationships. The resulting set contained 
21158 Affymetrix microarray probes, including 25 of the 30 PG core genes. PG core genes 
FBN1a and 1b, as well as DGAT4 had to be excluded because they were not represented by 
unique probes (see further in discussion), whereas the SOUL and esterase 1 genes were not 
represented on the microarrays.   
 A PG network was constructed from a genome-wide search for each of the 25 PG core 
genes on the Affymetrix microarray. Some of the PG genes (e.g. FBN2, 4, Aldo/keto reductase, 
unknown-2) had several hundred co-expressing genes above a PCC threshold of 0.7 (or in some 
cases even above 0.8), whereas other genes (ABC1K7, UbiE-2, M48, DGAT3, unknown SAG) 
had none above that threshold. Therefore, we used the twenty strongest co-expressing genes for 
each PG core gene to construct a PG network, rather than applying a minimal PCC threshold. All 
such co-expression relationships had a PCC above 0.65 with the exception of the PLAT/LH2 
domain protein and the SAG protein with unknown function. Strong negative correlations 
between genes can be relevant, however negative PCC values never exceeded an absolute value 
of 0.67, and only positive correlations became therefore part of the PG network. 
 The resulting network contained 374 nodes (genes) and 500 edges (co-expression 
interactions) (Figure 9). Of the 374 nodes, 201 (54%) were assigned to the plastid based on 
experimental information. Interestingly, the PG core proteins differed strongly in the subcellular 
localization of their co-expressers. For instance, in the case of the 5 FBNs, NDC1, ABC1K2 and 
several others, 17-20 out of 20 of the co-expressers were plastid-localized, however core proteins 
VTE1, UbiE1, DGAT3, and PLAT/LH2 domain protein each had three or less plastid-localized 
co-expressers. This immediately suggests that the latter proteins are primarily post-
transcriptionally regulated, or that their transcriptional regulation is integrated with extra-
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plastidic functions and needs. To better assign functions to the PG core genes and the PG as a 
whole, co-expressing genes were categorized by their assigned functional category (using the 
MapMan bin system as the basis to organize the functions), and edges connecting to each bin 
were counted. Because some bins were much larger than others and thus had a much greater 
opportunity to be represented in the PG network, we normalized the representation of each bin 
by its size. As indicated in Table 3, a strong enrichment was found for plastid-localized proteases 
(17 in total; LON, Prep1, EGY2, FtsH1,2,5,8,9, ClpR2,R3,P4,P5,P6,S,C1,D and DegP1,8), 
proteins involved in cyclic/alternative electron flow (five NDH subunits, PGR5, PGRL1A,B, 
PTOX, PIFI) and regulators of the light reaction state transition kinase (STN7 and phosphatase 
TAP38), plastid-localized isoprenoid metabolism (in particular carotenoid metabolism PDS, 
ZDS, LYC, ZEP), chlorophyll degradation (PaO/ACD1, pheophytinase, ACD2), and plastid 
redox regulation (Trx-M1,2,4, Trx-F1, Fd-Trx-Reductase subunits, NADPH-reductase, PrxQ and 
others) (Table 3). To further substantiate the findings from the MetaOmGraph co-expression 
analysis, we analyzed functional enrichment of the top 20 co-expressers using the two other 
software programs, BAR and ACT. Clearly, the distribution of functional groups was consistent 
between all three programs, strengthening the significance of the MetaOmGraph analysis. 
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Figure 9. PG network visualization and functional enrichment. For each PG gene, the 20 
strongest co-expressing genes from a genome-wide analysis by MetaOmGraph were compiled 
into a PG co-expression network and visualized with the Cytoscape software program, using the 
force-directed layout algorithm. Each gene is represented by a single node. Edges, representing 
co-expression interactions between PG genes and co-expressed genes, are colored according to 
the functional annotation of the co-expressed gene. Co-expression relationships between two PG 
genes are indicated with red. Visualization reveals 4 functional modules in which co-expressed 
genes are enriched in specific cellular/plastidic processes. Each module is shaded in grey and the 
enriched cellular processes are indicated. Six PG genes are not included in a functional module. 
For each, the number of plastid-targeted genes (out of 20) and potential relevant co-expressers 
are listed. Twenty seven co-expressors that are located at important positions in the network, 
and/or that have particularly interesting functions, are marked with numbers and are: 1 – 
Pheophytinase; 2 - Pheophorbide a oxygenase (PaO or ACD1); 3 - FtsH8; 4 - CCD1; 5 - ZDS; 6 
- PDS1; 7 - FtsH2; 8 - DegP1;  9 - EF-TU-Lep; 10 - Fd1-like; 11 - Trx M1; 12 - Trx M2; 13, 
FTR beta; 14 - CcdA cytf assembly; 15 - AKRed-like; 16 - Haloacid dehalogenase domain 
protein; 17 - methyltransferase domain protein; 18 - Tyr kinase; 19, Beta-glucosidase 9; 20 - 
ZEP; 21 - NAD kinase 2; 22 - STN7; 23 - TAP38; 24 – PTOX/Immutans; 25 - NDH-N; 26 - 
NDF1; 27 - NDF2. 
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Functional group Bin size 
(a)
whole 
network (b)
module I 
(b)
module 
II (b)
module 
III (b)
module 
IV (b)
Protein degradation 1355 0.1 0.1 0.2 0.1 0.1
Protein degradation - not plastid 1313 0.0 0.1 0.0 0.0 0.0
Protein degradation - plastid 42 3.3 1.2 6.5 3.3 3.6
Core plastoglobule (PG) 25 3.4 4.0 4.5 4.8 2.0
Light reaction 139 0.8 0.4 0.5 1.4 1.1
Assembly factors 2 0.0 0.0 0.0 0.0 0.0
light stress-Lil/Sep/Ohp 8 0.5 0.0 1.6 0.0 0.0
NDH dependent & independent, 
Immutans, PIFI 29 1.5 1.7 0.4 2.8 0.0
PSI, PSII, ATPsynt, cytb6f, FNR, electron 
carriers (PC, Fd) 94 0.5 0.0 0.3 0.9 1.6
thylakoid-bound regulators, including 
kinases and phosphatases 5 3.2 0.0 5.0 8.0 0.0
Isoprenoid metabolism 124 0.7 0.2 1.6 0.5 0.4
Isoprenoid metabolism - plastid 59 1.1 0.0 2.5 1.0 0.8
Isoprenoid metabolism - not plastid 65 0.3 0.4 0.8 0.0 0.0
Redox 187 0.7 0.4 0.3 2.5 0.3
Tetrapyrrole metabolism 50 0.5 2.0 0.0 0.4 0.0
Stress 690 0.1 0.1 0.1 0.0 0.0
Miscellaneous 1274 0.1 0.2 0.1 0.1 0.1
Protein - other 1535 0.1 0.0 0.1 0.1 0.4
plastidic 209
non-plastidic 1326
Not assigned 7707 0.1 0.1 0.1 0.1 0.0
Development 521 0.1 0.2 0.1 0.0 0.0
CHO metabolism (c) 441 0.3 0.0 0.2 0.2 0.9
Transport 944 0.1 0.1 0.1 0.0 0.1
Other (d) 2128 0.1 0.1 0.0 0.0 0.0
Signalling 1048 0.0 0.0 0.0 0.0 0.0
Lipid metabolism 331 0.0 0.1 0.0 0.0 0.0
DNA/RNA 2659 0.0 0.0 0.0 0.0 0.0
Table 3. Functional group enrichment of the PG network produced by MetaOmGraph.
(b) Number of edges per bin, normalized by bin size, and normaized for number of PG cores gene per module. 
Values in bold are enriched functions
(d) includes cofactor and vitamin metabolism, metal handling, xenobiotics, amino acid metabolism, nucleotide 
metabolism, cytoskeleton, mitochondrial electron transport, cell wall, cell, cell division, cell cycle, nitrogen 
metabolism, photorespiration, polyamine metabolism, sulfur assimilation, secondary metabolism (excluding 
isoprenoids/tetrapyrrole), and hormone metabolism
(a) number of genes (represented by a single probe spot on the 22K Affymetrix microarray chip) in each group 
(c) includes major and minor carbohydrate metabolism, gluconeogenesis, glycolysis, TCA cycle, C1 metabolism, 
fermentation, oxidative pentose phosphate pathway, Calvin cycle, and all other dark reactions
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2.3.8 The PG coexpression network shows four modules  The coexpression network showed 
that most core genes had associations with other PG genes, producing a gene expression network 
with 4 clusters of nodes, which we refer to as ‘modules’. Modules are parts of biological 
networks in which nodes are densely connected with each other, but between which there are 
only sparse connections. Thus within each of these modules, genes co-express more tightly to 
each other than with genes outside the module (Figures 9; Table 3). The modular nature is an 
important property of biological networks. As will be detailed below, the four modules each 
showed enrichment for specific functions. The remainder of the PG core genes (FRed-1, UbiE-1, 
PLAT/LH2-1 and VTE1) had no or weaker associations with other PG genes (Figure 9); 
moreover, they had in common that most of their coexpressors encoded for extra-plastidic 
proteins. 
 Module-1, with four PG core genes (DGAT3, ABC1K7, SAG and M48 metalloprotease), 
was enriched for senescence functions, in particular chlorophyll degradation (pheophorbide a 
oxygenase (PaO) and pheophytinase (PPH)) and a variety of proteases outside the plastid 
(including a senescence-associated cystein protease), as well as the senescence-induced Clp 
protease chaperone ClpD1. The two chlorophyll degradation enzymes co-expressed with 
ABC1K7 and SAG (Figure 9 – nodes 1 and 2) and we note that a 3rd, more down-stream enzyme 
(red chlorophyll catabolite reductase; RCCR), was found in module-3 co-expressing with FBN4. 
Strikingly, only 35% of the edges in module-1 were plastid-localized, compared to 71-95% for 
the other modules, consistent with the observation that senescence leads to controlled breakdown 
of the whole cell, and is not limited to plastids. We also point out an interesting plastid-localized 
putative tyrosine kinase that co-expressed with both DGAT3 and ABC1K7 (Figure 9 – node 
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#18). The role for M48 protease is completely unknown and its co-expressors included 5 plastid 
proteins with unknown function, and 4 plastid-localized proteins: PPH, ClpR3, thylakoid 
alternative oxidase (PTOX) and a glutaredoxin-thioredoxin.  
 The most extensive module (module-2) was centrally located in the PG network and 
comprised eight PG genes (ABC1K-2,3,6, aldo-keto reductase, NDC1, flavin-reductase 2, 
CCD4, UbiE-2). It was particularly enriched for carotenoid metabolism enzymes (Figure 10) and 
plastid proteases (22 edges); 71% of the nodes encoded for plastid proteins indicating tight 
integration with plastid functions (Table 3; Figure 9). In addition to the plastid carotenoid 
enzymes, also upstream cytosolic solanesyl diphosphate synthase (SPS1) and its plastid isoform 
(SPS2-responsible for synthesizing the hydrophobic tail of plastoquinone –PQ9) were part of this 
module (we note that MEP pathway enzymes are only found in module-4). Interestingly, 
GOLDEN2-LIKE 1 (GPRI1) transcription factor, known to co-regulate expression of a suite of 
nuclear photosynthetic genes [53], was also part of this module as a co-expressor of CCD4. 
Within module-2, ABC1K2, AKred and NDC1 were particularly tightly connected, mostly 
through co-expressing plastid proteases. The top 20 co-expressors of ABC1K2 were almost 
exclusively involved in carotenoid metabolism (ZEP, PDS, ZDS, CCD1), and protein 
degradation (FtsH1,2,5,8,9, ClpR3 and ClpC, PREP1, DegP1), but also included thylakoid 
kinase STN7, involved in phosphorylation of LHC proteins facilitating state-transitions to 
optimize electron flow [54]. 
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Figure 10. Coexpression relationships between PG genes and isoprenoid metabolism genes 
found in MetaOmGraph have been projected onto the isoprenoid pathway. The MEP pathway 
and downstream metabolic pathways of carotenoid, quinone, tocopherol and chlorophyll 
metabolism have been overlaid with their co-expressing PG genes. Colored circles indicate 
which PG gene(s) co-express with each gene in the pathway. GGPS: geranylgeranyl diphosphate 
synthase, SPS1: solanesyl diphosphate synthase isoform 1, SPS2: solanesyl diphosphate synthase 
isoform 2, CYC-β: lycopene β-cyclase, β-OHase: β-ring carotenoid hydroxylase, CCD1: 
carotenoid cleavage dioxygenase 1. 
 
 The third module involved five PG core genes (ABC1K4, FBN2, 4, 7a and unknown-1) 
and was particularly enriched in redox regulators and ‘photoacclimation’. Eighty-nine percent of 
the edges encoded for assigned plastid proteins. The module was highly enriched for plastid 
redox regulators (including thioredoxins M-1, -2, -4, and F-1, two Fd-TRX reductase subunits, 
glutaredoxins) and non-linear electron flow components (NDH, PGRL1A, PIFI), as well as 
78 
 
several plastid proteases (ClpR2,P5 and S; DegP1, FtsH2), (Figure 9). Also the thylakoid 
phosphatase TAP38 and the gene coding for the ‘acclimation of photosynthesis to environment 
1’ (APE1) were part of this module. 
 The fourth and smallest module contained PG core proteins FBN7b and unknown-2, and 
was strongly enriched for proteins involved in various aspects of plastid biogenesis, including 
proteases, and the Calvin cycle.  Remarkably, PG core protein unknown-2, co-expressed with six 
different Calvin cycle genes (FBPase, FBPA, sedoheptulose-bisphosphatase, 
phosphoribulokinase, G3P-DH, phosphoglycerate kinase) as well as the catalytic subunit of 
glycine decarboxylase, critical for photorespiration. FBN7b appears to be involved in 
plastid/thylakoid biogenesis; among its top co-expressors are genes coding for ‘thylakoid 
formation 1’ (TF1), ‘vesicle-inducing protein in plastids’ (VIPP1), plastid division protein Giant 
Chloroplasts 1 (GC1), and several genes of protein synthesis, assembly, folding and targeting. 
MEP enzymes IspF and HDS were also found in this module-4, as co-expressers of FBN-2, 4 
and ABC1K4.    
 FBN8 was positioned between modules 2 and 4 and its co-expressors (all 20 were plastid-
localized) were enriched in plastid biogenesis, photosynthesis and several proteins without 
known function.  ABC1K1 connected to both modules 2 and 4 and its co-expressors (16 were 
plastid-localized) were enriched in NDH subunits, transporters and various unknowns. 
It is important to note that only 1 of the genes (CF1-γ) encoding for known structural 
proteins of the linear electron transport chain and ATP-synthase (e.g. Photosystems I or II, the 
cytb6f complex or ATPsynthase) co-expressed with the PG core genes. However two of the three 
known genes that control state transitions (both STN7 and TAP38) and several structural 
components of cyclic (NDH and PGR components) or alternative electron flow (PTOX) were 
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part of the co-expression network. This suggests that the PG function is tightly integrated with 
cyclic electron flow or the balance between PSI and PSII activity.  We note that 4 lumenal OEC-
23-like proteins with unknown function, as well as two unusual low abundant LHCI-5 and 
LHCII-7 proteins (At1g45474 and At1g76570) were found as co-expressors, suggesting that they 
have functions related to optimization of the light reactions under stress conditions. Indeed, 
LHCI-5 is a component of the PSI-NDH supercomplex and necessary for its formation and 
stability, particularly under times of stress [55]. The co-expression profile was found to be very 
similar to NPQ4 (PsbS) and LIL3 involved in chlorophyll or tocopherol biosynthesis [56]. 
LHCII-7 was found to be up-regulated in response to light stress [57] and blue or far-red light 
treatment [58]. 
Three of the PG core proteins were not placed in the co-expression network because they 
were on the same probe (on the microarrays) as a close homologue. Indeed evaluation of DGAT4 
on the same probe as a closely related non-plastid homologue (At3g26820), showed that the top 
20 co-expressors were mostly involved with senescence but not in the plastid, and they did not 
connect well to the PG network  However, homologues FBN1a and b, both PG core proteins and 
together on a single probe spot, connected tightly in the network, with co-expression with core 
protein ABC1K2, and its co-expressors RbcX and FtsH8, and also co-expressing with RD20 and 
POT, both co-expressors of ABC1K7. Thus FBN1a/b is located in the network between module-
1 and module-2. 
 
2.3.9 Experimental verification of the co-expression network  The co-expression network 
suggested that a subset of the PG localized proteins (module 1) is involved in senescence 
responses. Therefore, we tested for 5 genes (ACD1, PPH, DGAT3, ABC1K7, MCS) from 
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module-1 if transcript accumulation is indeed up-regulated during natural senescence. As a 
control, we also tested two genes from module-4 (ABC1K4 and FBN4) which have no obvious 
senescence association in the network. To that end, Arabidopsis rosette leaves were harvested 
during bolting and flowering, during which leaves show increased visual signs of natural leaf 
senescence. Because PGs are found to accumulate fatty acid phytyl esters, with the phytol 
generated by breakdown of chlorophyll [6], the uncharacterized esterase identified in our PG 
core proteome is an excellent candidate enzyme for the esterification of free phytol at the PG. 
The flux into phytol esterification would be expected to be highest during senescence-induced 
chlorophyll degradation and we thus tested whether expression of the esterase, which is not 
represented on the 22K microarrays, is also senescence-induced. RT-PCR experiments were then 
carried out on three biological replicates (Figure 11). Indeed, expression of the five genes from 
the senescence-associated module-1, and the esterase, but not the two genes from module-4, are 
induced by senescence, thus providing support for our co-expression network and our 
hypothesized functions for the esterase and MCS gene products. 
 
2.4 DISCUSSION 
 
2.4.1 The core PG proteome We identified and quantified proteins highly enriched in the 
thylakoid-associated PG as compared to other subplastid locations (the core PG proteome), and 
we associated key functions to the PG using genome-wide co-expression network analyses. PG 
localization for core proteins ABC1K2, 3 and M48 metalloprotease was confirmed by 
immunodetection. We determined that 13 proteins, previously assigned to the PG, were not 
particularly enriched in the PGs; instead they appeared primarily localized in the stroma or 
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Figure 11. Gene expression of eight selected genes in Arabidopsis leaves during natural leaf 
senescence determined by RT-PCR. Transcript accumulation of five genes from module 1 
(ACD1, PPH, DGAT3, ABC1K7, MCS), two genes from module 4 (ABC1K9 and FBN4) and the 
uncharacterized esterase (AT5G41120), which was not on the microarray experiments, and 
therefore could not be incorporated in the co-expression network. ACTIN2 was used as internal 
loading control. Leaf tissue was selected from five time points during the course of natural leaf 
senescence: 1 = leaf rosette from plants beginning to bolt; 2 = leaf rosette from plant beginning 
to flower;  3 = senescing leaves ~10% chlorotic, 4 = senescing leaves ~50% chlorotic; 5 = 
senescing leaves ~50% chlorotic, one week later in senescence. The experiment was carried out 
in three independent replicates, with similar results; data for one of the replicates is shown. 
 
thylakoid membranes. Indeed, 8 of these were not found in the co-expression network, whereas 
the others had only a single connection to a PG core gene (RAP38 and FBPA-2 to Unknown2; 
RAP41 to ABCK1; FBPA-1 to FRed2; PrxQ to FBN7b). Importantly, we extended the known 
PG proteome with six new proteins of low abundance, including M48 protease. These new PG 
proteins were well-integrated in the co-expression network, providing further support for their 
PG localization and function. The newly assigned PG proteins had lower abundance than 
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previously identified PG proteins, most likely because we used a more sensitive instrument than 
in previous studies. 
 It is possible that several PG proteins were still not observed because they remained 
below the detected limit. We expected several of these hypothetical proteins to be present in our 
co-expression network, but typically not identified in Arabidopsis chloroplast fractions (or total 
leaf proteomes) due to their low abundance. We therefore manually screened for such putative 
PG proteins. Two proteins, at1g13990 with unknown function and a DUF760 domain,  as well 
asuncharacterized at4g11570 with a haloacid dehalogenase-like hydrolase (HAD) domain, stood 
out as they each had three connections to PG core genes (unknown-SAG, M48, ABC1K7 and 
CCD4). HAD domain proteins are a superfamily of largely uncharacterized enzymes with ~115 
members in Arabidopsis. In E. coli with 28 HAD proteins, HAD phosphatases showed high 
catalytic efficiency and affinity to a wide range of phosphorylated metabolites [59]. Surprisingly, 
most HADs hydrolyzed small phosphodonors (acetyl phosphate, carbamoyl phosphate, and 
phosphoramidate), which also serve as substrates for autophosphorylation of the receiver 
domains of the two-component signal transduction systems [59]. Interestingly, the PG co-
expression network also included a putative stromal sensor kinase domain protein (at1g67840; 
co-expressing with both ABC1K4 and FBN2 both in module-3) that could act together with the 
HAD domain protein in a possible signal transduction chain to relay information between the 
thylakoid and stroma/envelope.  
  
2.4.2 Chloroplast protein distribution and recruitment of proteins to PGs To better understand 
the absolute distribution of PG core proteins between the PG and the thylakoid membrane, we 
need to consider how the surface area of the PG particle compares to the surface area of the 
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thylakoid membrane (since the core proteins located to the periphery of membrane and PG). 
From TEM analysis we roughly estimate that PG surface in light-stressed leaves (as used in this 
study) is between 5% and 20% of the total thylakoid + PG surface area. For proteins with a 
MS/MS based PG/thylakoid protein ratio of 20 (note that these thylakoids were not stripped of 
their PGs and thus includes the PG), this means that the absolute protein distribution between PG 
and thylakoid membrane ranges from 1:1 and 4:1 (PG:membrane) (if the MS/MS based ratio is 
100, then 5:1 and 20:1). Thus most of the PG core proteins (average PG/thyl = ~50;  Table 2) are 
not exclusively located to the PG core, but are also found with significant copy numbers in the 
thylakoid membrane surface. A possible exception was ABC1K4 which showed a MS/MS based 
ratio of 440 (Table 2), corresponding with a 22:1 to 88:1 PG/membrane ratio. 
It is not known how proteins are recruited to the PGs. This could occur by de novo 
synthesis and direct targeting to PGs. Alternatively, proteins could be recruited from other 
locations (e.g. stroma or thylakoid) to the PG through (ir)reversible protein modifications or 
through changes in the lipid/metabolite composition of the PGs. We can draw a parallel with 
recruitment of proteins to lipid rafts, which are membrane microdomains with a distinct lipid and 
protein composition [60]. Such lipid rafts in plant plasma membranes have emerged as a 
regulatory mechanism governing physiological responses, in particular with a role as signal 
transduction platforms during stress. In the lipid rafts, proteins (typically low abundant) are 
brought physically together such that they form functional modules to carry out specific 
functions. Because the PG can rapidly change in size and number in response to (a)biotic 
stresses, it seems likely that both de novo synthesis, as well as recruitment of existing proteins 
could occur. In the latter case, proteins should show dual localization between PGs and other 
plastid compartments (as is the case for most PG core proteins), whereas the first group should 
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be exclusively localized to PGs with changing cellular concentrations dependent on PG size and 
abundance.  
Indeed, we determined that some of the PG core proteins showed a far stronger 
enrichment to the PGs (e.g. ABC1K4 and VTE1) than others (Table 2). Dynamic changes in 
localization have been reported for some FBN proteins, but mechanisms are unknown. The 
FBN1a homolog in tobacco and pepper distributed primarily in the stroma under optimal 
conditions, but redistributed to the thylakoid (including PGs) in response to light or drought 
stress [12, 61]. Based on our experimental data and empirical relationship between physico-
chemical parameters of FBN proteins and their distribution between PG and thylakoid 
preparations (Figure 6), we suggest that FBN10 is a good example of a protein dual-localized 
between PGs and the stromal-exposed thylakoid surface. The direct membrane continuity 
between the thylakoid and PG, demonstrated elegantly by [15], could permit movement of 
proteins between these two membrane systems. How unique protein compositions are maintained 
between them has not been demonstrated conclusively, but it is likely that protein modifications 
such as (de)phosphorylation, prenylation or redox regulation may alter the distribution. 
FBPA1,2 and 3 were previously identified in isolated PGs [4, 8], and transient expression 
of GFP-tagged FBPA1 and 2 (At2g21330, At4g38970) in isolated protoplasts demonstrated 
association to PGs (Vidi et al., 2006). Our current quantitative, comparative analysis clearly 
demonstrated that these abundant FBPA mostly localized to the stroma, with only a small portion 
found in isolated PGs. We suggest that small amounts of these FBPA could be recruited to the 
PG (but their function is not understood) and that the concentration effect at the PG surface, 
compared to the diffuse signal from the much larger stroma volume, explains the apparent, more 
exclusive PG localization observed by GFP-tagging. 
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Our evidence that a significant number of genes involved in plastid isoprenoid/carotenoid 
accumulation are transcriptionally coordinated with genes encoding for PG proteins suggests that 
at least a subset of PG proteins are synthesized de novo concurrent with isoprenoid metabolism. 
Consistent with this notion, expression of Erwinia uredovora phytoene desaturase in potato tuber 
enhanced carotenoid metabolism, while simultaneously increasing transcript levels of the FBN 
homolog CDSP34 [62] 
 
2.4.3 The PG co-expression network suggests several PG functions - An integrated model PGs 
are believed to function in chloroplast development, stress responses, lipid metabolism and 
senescence including chlorophyll degradation - reviewed in [1, 3]; [2]. Because PGs function in 
so many diverse processes, and because most PG proteins have no known function, it has been 
difficult to obtain an integrated view of the role of the PG and assign PG core proteins to specific 
tasks or processes. To provide a framework for PG function, and to associate putative functions 
or processes to PG proteins with unknown functions, we determined the co-expression network 
based on the twenty most tightly associated co-expressors for each PG core gene. This resulted in 
four modules, each with a clear enrichment for specific functions, indicating that subsets of the 
PG core proteins work together to carry out specific roles.  
 Based on the core PG proteome information and modular structure of the co-expression 
network, as well as extensive published information, we created a summarizing model that 
integrates PG functions with chloroplast photosynthesis and metabolism, chloroplast responses 
to abiotic stress, and senescence (Figure 12). A detailed description explaining the various 
pathways and processes is provided in the legend of the figure. In the remainder of this  
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Figure 12. A model for plastoglobule function in plastid metabolism and short and long term 
photo response and adaptation. Physical connectivity of the PG and thylakoid permit extensive 
exchange of metabolites between the two sub-compartments and possibly also facilitates 
recruitment of proteins from the thylakoid-stromal exposed surface to the PG. During times of 
high lipid or protein turnover (such as senescence, stress or plastid biogenesis) the role of the PG 
becomes especially pertinent. We illustrate here some of the proposed functions of the PG in 
these processes. Turnover of galactolipids by DAD1-like acylhydrolases will release free fatty 
acids transported to the PG where they can either i) be incorporated into TAG by DAGAT1/2, ii) 
enter the jasmonic acid synthesis pathway, in the case of linolenic acid (18:3), or iii) be esterified 
to free phytol into fatty acid phytyl esters (FAPEs) during concurrent chlorophyll degradation. 
Alternatively, the free phytol can be recycled for incorporation into tocopherols by two 
subsequent phytol kinases, the first of which has been identified (VTE5) (Valentin et al., 2006). 
During chlorophyll degradation, the tetrapyrrole head group is captured by the PG-localized 
SOUL/heme-binding protein (SOUL/HBP) and delivered for further degradation to the stroma. 
We predict that the four PG oxidoreductases (NDC1, AKRed and FRed1 and 2) are active in re-
reducing oxidized lipophilic compounds sequestered in the PG. Supporting this, NDC1 has 
recently been demonstrated to display NAD(P)H reductase activity towards a plastoquinone (PQ-
9) analog (decyl-PQ) (Eugeni-Piller et al., 2011). We expect that NDC1 and the other PG 
oxidoreductases are responsible for regeneration of oxidized PG quinones following ROS 
scavenging. PQ-9 is expected to be exchanged between the PG and thylakoid. Selective uptake 
of reduced (or oxidized) PQ-9 would permit a powerful control over the redox state of PQ-9 in 
the thylakoid and thus over a number of processes regulated by PQ-9 redox state, including 
photosynthetic electron flow, retrograde signaling, carotenoid desaturation, and LHCII state 
transition. The presence of the carotenoid cleavage dioxygenase 4 (CCD4), suggests the presence 
of carotenoid catabolism at the PG. Carotenoids released from the photosynthetic apparatus 
(photosystems and light harvesting complexes) can be directed to the PG by FBN4 (or other 
FBNs) for degradation by CCD4. ABC1K4, positioned as a hub in module-4 (Figure 9), is 
regulating the localization or function of fibrillins (FBNs) and thioredoxins (TRXs) as well as 
components of the cyclic electron flow apparatus (NDH- and/or PGR5-dependent). FBNs will be 
controlling the size of PGs (dashed arrow), while TRXs will control Calvin Cycle activity to 
match supply of reducing power produced from photosynthesis. Increased Calvin cycle activity 
will create additional demand for ATP that can be met by upregulated cyclic electron flow 
(CEF), either NDH- or PGR5-dependent (Livingston et al., 2010; Livingston et al., 2010). 
Metabolites are enclosed in grey boxes, PG-localized proteins are marked in red and co-
expressers are marked in blue. Abbreviations used in the figure are listed: Thioredoxin (TRX), 
cyclic electron flow (CEF), fibrillin (FBN), light-harvesting complex (LHC), zeaxanthin 
epoxidase (ZEP), state transition kinase (STN7), phytoene desaturase (PDS), zeta-carotene 
desaturase (ZDS), plastoquinone-9 (PQ-9), reactive oxygen species (ROS), 9-cis-
epoxycarotenoid dioxygenase (NCED), plastochromanol-8 (PC-8), triacylglycerol (TAG), 
lipoxygenase (LOX), fatty acid phytyl ester (FAPE), 9-,13-hyroperoxy-octadecatrienoic acid (9-
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,13-HPOT), allene oxide synthase (AOS), phytol kinase (VTE5), SOUL/heme-binding protein 
domain (SOUL/HBP), pheophytinase (PPH), metal chelating substance (MCS*) possible 
represented by AT5G17450, pheophorbide a (pheide a), pheophorbide a oxygenase (PaO), 12-
oxo-phytodienoic acid (OPDA), poly-unsaturated fatty acids (PUFA), abscisic acid (ABA), 
diacyl glycerol acyl transferase (DGAT), red chlorophyll catabolite (RCC), red chlorophyll 
catabolite reductase (RCCR),primary fluorescent chlorophyll catabolite (pFCC). 
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discussion, we will briefly summarize suggested PG functions and summarize our conclusions 
for FBNs and ABC1K proteins. 
 
Function 1. The role of PG during leaf scenescence During senescence, the thylakoid membrane 
is dismantled, resulting in the free monogalactosyl- and digalactosyl glycerols and free fatty 
acids. These can be used as substrate by AOS for production of jasmonic acid (JA), or stored as 
TAG by DGAT3/4 (Figure 12). The PG likely serves as a transient storage space for these 
glycerols and fatty acids. Concomitant with breakdown of the thylakoid bilayer, thylakoid 
protein complexes and associated pigments such as chlorophylls are degraded. The first steps in 
chlorophyll degradation are the removal of Mg2+ from the porphyrin ring by an unknown protein, 
tentatively named ‘metal chelating substance’ (MCS), and cleavage of the phytol from the 
porphyrin ring by pheophytinase (PPH), one of the co-expressors in module-1 (Figure 12) [63]. 
The toxic free phytol has been shown to become esterified to fatty acid and deposited in the PG 
[6]. We speculate that the PG localized esterase could be responsible for this esterification and its 
transcript levels did increase during natural senescence; experiments are now underway to test 
this hypothesis. at5g17450, a co-expressor in senescence module-1 is a candidate for MCS 
because it has a metal binding domain (HMA). This protein must have a very low abundance as 
it has not been identified by proteomics. In all three co-expression tools, the top 20 co-expressors 
of at5g17450 included DAGAT-1 and PaO supporting our hypothesis. During senescence, the 
thylakoid membrane is dismantled resulting in the free monogalactosyl- and digalactocyl 
glycerols and free fatty acids. These can be used as substrate by AOS for production of jasmonic 
acid (JA), or stored as TAG by DAGAT1/2 (Figure 12). AOS was not part of the co-expression 
network and was not sufficiently enriched in the PGs to be considered a PG core protein, even if 
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it was assigned to the PG previously [8]. But AOS connect functionally very well to the PG 
suggesting that it could cycle on and off from the PG surface. We very excited to find a highly 
PG specific M48 protease, that was of low abundance and not studied previously. Members of 
the M48 class of metallo-endopeptidases in non-plant species have been found to function in N- 
and C-terminal processing of proteins [64-66]. The PG M48 protease could be involved in 
degradation of PG located proteins, it could cleave PG localized proteins such they release from 
the PGs. 
 
Function 2. PG function in isoprenoid metabolism The largest set of PG core proteins and their 
co-expressors were involved with plastid isoprenoid metabolism, in particular carotenoid 
metabolism, including two PDS isoforms, ZDS, LYC-β, β-OHase, ZEP, and CCD1 (Figure 10). 
Particularly interesting was the finding that PG genes co-expressed with PDS and ZDS, as these 
enzymes transfer electrons from their carotenoid substrate to the plastoquinone pool, a major 
component of the PG metabolome [67-69]. The other isoprenoid genes, upstream of the 
carotenoid biosynthetic pathway, were both isoforms of solanesyl diphosphate synthase 
(SDS1,2), and MDS and HDS of the MEP pathway. Plastid-localized SDS2 is responsible for 
synthesizing the hydrophobic tail of plastoquinone (PQ-9). In particular ABC1K2, and to a lesser 
degree ABC1K3, was part of the network of these isoprenoid genes. The surprising linkage 
within the PG network of isoprenoid metabolism to plastid proteolysis can be easiest explained 
by the observation that these plastid proteases, in particular the thylakoid FtsH complex, are 
‘household’ proteases, thus removing proteins that are unwanted or damaged, followed by 
release of chlorophylls and carotenoids. Indeed, it has been demonstrated that carotenoids and 
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Chl a are continuously synthesized and degraded in photosynthesizing leaves and indicate 
distinct acclimatory responses of their turnover to changing irradiance [70]. 
 The abundant PG compounds α-tocopherol, PQ-9, and plastochromanol-8 (PC-8) are 
effective antioxidants in vivo [71-73]. All three compounds are known to accumulate in response 
to light stress, most of which is likely accumulating in the PG [4, 5]. Within the PG, these 
antioxidants can re-reduce the sequestered oxidized lipids. As part of module-2, four enzymes 
with (putative) oxidoreductase activity are present in the PG (NDC1, aldo/keto reductase, and 
flavin reductase 1 and 2) which (may) act in regeneration of spent antioxidants in the PG by 
reducing carbonyl groups. Consistent with this possibility, vitamin K epoxide/naphthoquinone 
reductase was found to specifically reduce phylloquinone and menaquinone to their quinol forms 
in vitro [74]. NDC1 has recently been demonstrated to display NAD(P)H reductase activity 
towards a plastoquinone (PQ-9) analog decyl-PQ [45]. We speculate that the four PG 
oxidoreductases are active in re-reducing oxidized lipophilic compounds sequestered in the PG, 
thereby affecting the thylakoid redox state (see function 3 below). We expect that NDC1 and the 
other PG oxidoreductases are responsible for regeneration of oxidized PG quinones following 
ROS scavenging. 
 The significance of PQ-9 goes far beyond its antioxidant properties. Its electron shuttling 
function between PSII and cytb6f make it a prime sensor of photosynthetic electron flow. Indeed 
its redox state is believed to contribute to a retrograde signal to the nucleus, and is an important 
control over photosynthetic electron flow [54], including regulation of the state transition kinase 
STN7 [75-77], and is essential for the desaturation reactions of carotenoid biosynthesis [78]. 
Thus, the sequestering or release of PQ-9 from the PG – to regulate thylakoid pool size and 
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redox state - would hold a significant influence over regulation of state transitions, electron flow, 
carotenoid metabolism, retrograde signaling, and antioxidant effects. 
 
Function 3. Contribution of PGs in optimization of photosynthesis, light acclimation and repair 
Among the predominant genes co-expressing with members of the PG are the state transition 
kinase STN7 involved in balancing PSI and PSII activity, structural components of cyclic 
electron flow (NDH and PGR) and alternative oxidase (PTOX), nearly the complete plastidic 
thioredoxin regulatory system, as well as six enzymes of the Calvin cycle. This strongly suggests 
that the PG is intimately involved with optimization of the dark and light reactions, in particular 
via the redox state. Interestingly, recent work suggested that the chloroplast redox status (or 
ROS) regulate cyclic electron flow, which in turn helps to achieve the correct ratio of ATP and 
redox energy required for the Calvin cycle and chloroplast metabolism in general [79, 80]. 
Interestingly, the PG co-expression network also included the chloroplast sensor kinase CSK 
(at1g67840), co-expressing in module-3 with both ABC1K4 and FBN2, and many components 
of the chloroplast redox network. CSK was recently shown to be involved in redox-coupled 
transcriptional regulation of chloroplast genes [81]. Furthermore, zeaxanthin epoxidase (ZEP) 
involved in the reversible conversion of zeaxanthin to violaxanthin (via antheroxanthin) within 
the xanthophyll cycle was centrally located in the gene expression network with connections to 
ABC1K2, ABC1K6 and CCD4. We speculate that ZEP activity may be regulated by one of these 
ABC1K proteins. Consistently, it was suggested that ZEP activity is controlled by a direct, as yet 
unidentified, modification, which does not involve the state transition kinases [82]. There is 
some indirect evidence that phosphorylation of ZEP significantly impedes its in vivo activity 
[83]. Collectively, it appears that the PG plays a key role in short term regulation and balancing 
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of photosynthetic activities. TEM has clearly documented the dynamic and reversible nature of 
PG size and osmiophilicity in response to diverse abiotic and biotic stresses [6, 13, 84-87]. 
Therefore, PGs have been implicated in adaptation to environmental fluctuations via secondary 
metabolism and stress responses [1, 3]. Perhaps surprising, none of the well-known enzymes 
involved in detoxification of soluble reactive oxygen species (superoxide and hydrogen 
peroxide) such as superoxide dismutases, or thylakoid and stromal APX, were found in the PG 
co-expression network. 
 
2.4.4 FBNs and ABC1K proteins – distribution, functions and targets The seven PG-localized 
FBNs (1a, 1b, 2, 4, 7a, 7b, 8) and the six ABC1K proteins constituted more than 70% of the PG 
protein mass. These six ABC1K proteins are expected to act as enzyme regulators, possibly via 
phosphorylation [42], and the notion of a regulatory function is strengthened by their position as 
hubs in the PG network (Figure 9). Their PG localization suggests that they are regulating 
enzymes that locate, at least transiently, to the PG; the co-expression network provides potential 
target genes that should now be experimentally tested. ABC1K1 and ABC1K3 co-express tightly 
with the four genes of the FtsH complex (FtsH 1/2/5/8) and thus may help orchestrate PSII repair 
under excess light exposure. ABC1K3 also co-expresses tightly with several members of 
carotenoid metabolism which are critical for PSII repair given that carotenoids have been found 
to continuously turnover [70]. ABC1K9 formed the hub of module-2, connecting with three FBN 
genes (FBN 7a, 2, and 4). FBN 4 was found to be phosphorylated in a PAMP-dependent manner 
[88]. Thus, ABC1K9 may directly regulate the function or localization of one or more FBNs via 
phosphorylation. We note that ABC1K homologue at5g64940, that we annotated as ABC1K8, 
was never found in the PG nor in the co-expression network. ABC1K8 was identified as a 
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chloroplast inner-envelope protein and reduced expression resulted in increased sensitivity 
toward oxidative stress and high light [89]. 
The FBN proteins are suggested to primarily function as structural proteins, likely 
determining PG size, some involved in adaptation to environmental stress and others possibly 
influencing metabolite and protein content. Information about their possible functions is 
summarized in a recent review [2]. When these three proteins were simultaneously knocked 
down by RNAi in A. thaliana, increased sensitivity to high light plus cold stress was found [90]. 
Curiously, this sensitivity could be relieved by jasmonic acid treatment, perhaps indicating that 
FBN are required for supply of substrate to AOS, the first committed step in JA biosynthesis 
(Figure 12). Furthermore, constitutive over-expression of FBN1a resulted in enhanced 
phototolerance [91]. The other highly abundant FBN (FBN4) also contributed to adaptation to 
light stress, since reduced expression of FBN4 in apple and A. thaliana, led to enhanced 
sensitivity to bacterial infection and methyl viologen treatment, and also resulted in altered PG 
lipid composition [14]. Interestingly, the PG-localized FBN1a and 4 were identified in 
association with LHCII subcomplexes I and III under light stress conditions [92]. A potato 
homolog of FBN1a, C40.4, was found associated with the PSII complex and knockdown, 
demonstrated decreased non-photochemical quenching, indicating a requirement for proper 
photosynthetic efficiency [93].  FBN4 contains a lipocalin domain which is predicted to be 
involved in binding and transport of small hydrophobic metabolites. The other FBN proteins 
show less conserved lipocalin signatures. Thus, it was suggested that in particular FBN4 could 
receive carotenoid or chlorophyll from damaged/degraded LHC complexes [2]. We further 
suggest that the FBNs subsequently transport the metabolites to the PG for recycling or 
degradation. It is tempting to speculate that the PG core SOUL heme-binding protein similarly 
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functions to receive heme molecules released from degraded photosystems and cytb6f complexes. 
The seven PG-localized FBNs were distributed across the co-expression network thus providing 
further suggestions for functions. 
 
2.5 MATERIALS AND METHODS 
 
2.5.1 Preparation of PG and thylakoid material The PG isolation method was adapted from 
Ytterberg, et al [8]. For each PG preparation, two flats (~150 individuals) of A. thaliana (Col-0) 
were grown on soil for 2.5 weeks, under 120 µmol photons m-2 s-1 with a 16 hour photoperiod. 
Plants were then transferred to 520 µmol photons.m-2.s-1 conditions during the dark period. In the 
morning of the 6th day leaf tissue was harvested and homogenized in grinding buffer (50 mM 
Hepes-KOH pH 8.0, 5 mM MgCl2, 100 mM sorbitol, 5 mM ascorbic acid, 5 mM reduced 
cysteine, 0.05 % (w/v) BSA). Homogenate was filtered through four layers of 20-μm miracloth 
and thylakoid membranes were pelleted by centrifugation for 6 minutes at 1800xg. Thylakoid 
pellets were washed once in 4 volumes of grinding buffer and resuspended in Medium R (50 mM 
Hepes-KOH pH 8.0, 5 mM MgCl2, cocktail of protease inhibitors) containing 0.2 M sucrose. An 
aliquot of resuspended thylakoid material was stored at -80o C to be used as the pre-sonicated 
thylakoid fraction. The remainder was sonicated 4x 5s at output power 23 Watts (Fischer 
Scientific, sonic dismembrator Model 100), returning the samples to ice between each sonication 
event. Sonicated samples were centrifuged for 30 minutes at 150,000 xg and PGs released from 
the thylakoid floated to the surface of the solution. PGs were removed and combined with 
Medium R with 0.7M sucrose to achieve a sucrose concentration of 0.5M, which was then 
overlayed with Medium R with 0.2M sucrose and Medium R with no sucrose. The gradient was 
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centrifuged 90 minutes, 150,000 xg. The resulting floating pad of PGs was removed, flash frozen 
in liquid N2, and stored at -80o C. 
 
2.5.2 Antiserum generation Nucleotide sequences encoding the soluble part of the M48 protein 
(amino acids 72-325) and the C-termini of ABC1K2 (556-711) and ABC1K3 (578-582) were 
amplified by PCR. The resulting DNA fragments were ligated into restriction sites of the pET21a 
expression vector, coding for a C-terminal His affinity tag. The vector was transformed into 
BL21 E. coli cells, and over-expressed protein was harvested from liquid culture after incubation 
in 1mM IPTG for 3 h at 370C.  Proteins were solubilized in 200mM NaCl, 50mM Tris, and 8M 
Urea at pH 8 and purified on a nickel-nitrotriacetic acid agarose resin matrix, and polyclonal 
antibodies were raised in rabbits by injecting purified antigen.  
 
2.5.3 Immunoblotting Protein concentrations were estimated by the BCA method [94] using a 
BCA kit (Pierce). Protein samples were solubilized in 1x Laemmli buffer (125 mM Tris-HCl pH 
6.8, 2% SDS, 5% β-mercaptoethanol, 10% glycerol), heated for 10 mins at 75o C, and separated 
in a SDS-PAGE gel (6% acrylamide stacking, 12% separation). Proteins were blotted to 
nitrocellulose, probed with purified anti-PeptidaseM48, anti-ABC1K2, anti-ABC1K3 or anti-
VTE1 serum (a gift of Dr. Dean DellaPenna), and visualized by the horseradish peroxidase-
based enhanced chemiluminescence system. Densitometric analysis of relevant spots was 
performed using the ImageJ software program (http://rsbweb.nih.gov/ij/). 
 
2.5.4 Transmission Electron Microscopy Leaf tissue from 3 individuals of each genotype at 
each time point was harvested 1 hour after beginning of the photoperiod. Leaf margins and 
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midribs were excluded and the remaining leaf tissue was divided into 1x2 mm sections with a 
fresh razor blade. Sections were fixed in 2% glutaraldehyde, 2 % paraformaldehyde, 0.1% tannic 
acid, 70 mM PIPES buffer pH 6.8 for 2 hours and then washed 3 times in 70 mM PIPES buffer 
pH 6.8. Tissues were fixed in 1% osium tetroxide (OsO4), 70 mM PIPES pH 6.8 for 2 hours and 
washed 3 times in 70 mM PIPES pH 6.8. Tissues were then stained in 2% uranyl acetate for 1 
hour and washed twice in ultrapure H2O. Fixed and stained tissues were carried through an 
acetone series of increasing concentrations. Dehydrated tissue was then embedded with Spurr’s 
resin (Electron Microscopy Sciences; Hatfield, PA) in increasing concentrations of resin in 
acetone, according to manufacturer’s instructions. Fully embedded tissue was cured in resin 
blocks at 60ºC overnight. Cured resin blocks were sectioned and imaged at Electron Microscopy 
Services; Colorado Springs, Colorado. 
 
2.5.5 Scanning Electron Microscopy 2-3 µl of purified PG sample were spotted onto a silica 
wafer. A 3 µl drop of 2% OsO4 in 70 mM potassium phosphate pH 7.2 was added to the 3 µl 
drop of the PG sample on the silica wafer. The buffered OsO4 was allowed to remain in contact 
with the PGs for one hour at 4o C. After one hour the wafers were floated on a droplet of 70 mM 
potassium phosphate buffer at pH 7.2 for 10 minutes.  This was done three times at 4o C. The 
wafers were then floated on drops of 2% gluteradehyde in 70mM potassium phosphate pH 7.2 
for one hour at 4o C. After one hour the wafers were floated on drops of 70mM potassium 
phosphate pH 7.2 for 10 minutes at 4o C. The wafers were then floated on drops of distilled water 
for 10 minutes at 4o C. The wafers were dehydrated by floating on first 25%, then 50%, then 
75%, then 95% and finally drops of 100% ethanol for approximately 10 minutes each at 4o C. 
The wafers were then critical point dried in 100% ethanol (Bal Tec - Leica Microsystems, Inc., 
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Bannockburn, IL). The wafers were then mounted on specimen supports and sputter coated with 
gold/palladium (Denton Vacuum, LLC, Moorestown, NJ). The wafers were viewed at 3 kV in a 
Hitachi S4500 scanning electron microscope (Hitachi High-Technologies Corp., Tokyo, Japan). 
 
2.5.6 In-solution and in-gel digestion of isolated PGs For in-solution digestion, isolated PGs 
were precipitated in 10% tri-chloro acetic acid (TCA) overnight at 4o C. Precipitated proteins 
were pelleted by centrifugation and washed once with 100% acetone and once with 80% acetone, 
10% methanol, 0.1% acetic acid, by incubating at -20 o C for 1.5 hours each. Washed pellets were 
resuspended in dimethyl sulfoxide and quantified by the BCA method [94] using a BCA kit 
(Pierce). 5 µg of protein was digested with modified trypsin (Promega), 40:1 (protein: trypsin). 
Salts and detergents were removed by C18 Ziptip (Millipore) and dried down in a speed-vac. 
Digested and washed samples were resuspended in 15 µl 2% formic acid immediately prior to 
loading on the LC-MS/MS instrument. For gel-based separation and in-gel digestion, PG 
samples were lyophilized and solubilized in a modified Laemmli solubilization buffer (125 mM 
Tris-HCl pH 6.8, 6% SDS, 10% β-mercaptoethanol, 20% glycerol). Samples were shaken gently 
at 30o C for 15 minutes to ensure complete solubilization and subsequently heated at 80o C for 10 
min. Samples were centrifuged to remove insoluble material and proteins were separated by SDS 
PAGE (6% acrylamide stacking, 12% separation). Each gel lane was cut in 5 slices and proteins 
were digested with trypsin, as described in [95]. 
 
2.5.7 Proteome analysis of total leaf extracts Wild-type plants (Col-0) were grown on soil for 30 
days under a short-day cycle (10h/14h of light/dark) at 120 μmol photons.m-2.s-1. The complete 
leaf rosettes were then harvested and proteins were immediately quantitatively extracted in 
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presence of SDS (in triplicate) as described in detail in [95]. Alternatively, plants were 
transferred were grown on soil for 2.5 weeks under similar conditions as above, but transferred 
to 520 µmol photons m-2 s-1 conditions. In the morning of the 6th day leaf tissue was harvested 
and extracted as above (in triplicate).  
 
2.5.8 Proteome analysis by nanoLC-LTQ-Orbitrap and data processing Peptides prepared from 
in-gel digestion and in-solution digestion were analyzed by data-dependent tandem mass 
spectrometry (MS/MS) using on-line LC-LTQ-Orbitrap (Thermo Electron) with dynamic 
exclusion, similar as described in [35]. Peak lists (.mgf format) were generated using DTA 
supercharge (v1.19) software (http://msquant.sourceforge.net/) and searched with Mascot v2.2 
(Matrix Science) against a combined database containing the Arabidopsis genome with protein-
coding gene models and 187 sequences for known contaminants (e.g. keratin, trypsin) (total 
33,013 entries) and concatenated with a decoy database where all the sequences were 
randomized; in total this database contained 66,026 protein sequences. Off-line calibration for all 
precursors ions was done as described in [96]. Each of the peak lists were searched using Mascot 
v2.2 (maximum p-value of 0.01) for full tryptic peptides using a precursor ion tolerance set at ±6 
ppm, fixed cysteine carbamido-methylation and variable methionine oxidation, protein N-
terminal acetylation, asparagine/glutamine (N/Q) deamidation and maximally one missed 
cleavage allowed. The maximum fragment ion tolerance (MS/MS) was 0.8 Da. For semi-tryptic 
peptides the search was performed with a precursor ion tolerance set at ±3 ppm, fixed cysteine 
carbamido-methylation and variable methionine oxidation, N-terminal acetylation, glutamine 
deamidation and maximally one missed cleavage allowed. Minimal ion score threshold was 
chosen such that a peptide false discovery rate (FDR) below 1% was achieved. Using an in-
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house written filter, the search results were further filtered as follows: For identification with two 
or more peptides, the minimum ion score threshold was set to 30. For protein identification based 
on a single peptide, the minimum ion score threshold was set to 33, and the mass accuracy of the 
precursor ion was required to be within ±3 ppm. The peptide false discovery rate (FDR) was 
calculated as: 2 × (decoy hits) / (target + decoy hits) and was below 1%. The FDR of proteins 
identified with two or more peptides was zero. Peptides with less than seven amino acids were 
discarded. All mass spectral data (the mgf files reformatted as PRIDE XML files) are available 
via the Proteomics Identifications database (PRIDE) at http://www.ebi.ac.uk/pride/. 
Several Arabidopsis genes have more than one gene model, and in such cases the protein 
form with the highest number of matched spectra was selected; if two gene models had the same 
number of matched spectra, the model with the lower digit was selected. For quantification, each 
protein accession was scored for total spectral counts (SPC), unique SPC (uniquely matching to 
an accession) and adjusted SPC [95]. The latter assigns shared peptides to accessions in 
proportion to their relative abundance using unique spectral counts for each accession as a basis. 
The normalized adjSPC (NadjSPC) for each protein was calculated through division of adjSPC 
by the sum of all adjSPC values for the proteins from that gel lane. NadjSPC provides a relative 
protein abundance measure by mass, whereas NSAF estimates relative protein concentration 
within a particular sample.  
 
2.5.10 Genome-wide co-expression calculations and network visualization The Pearson 
correlation coefficients of all pairwise combinations between PG (bait) genes and all single-gene 
probes of the A.thaliana 22K Affymetrix microarray (Affymetrix, Inc.) were calculated using 
three different software programs: i) the MetaOmGraph software program (http://metnetdb.org)  
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[50], ii) the Botany Array Resource (BAR) expression angler 
(http://142.150.214.117/welcome.htm) [51], and the Arabidopsis Co-expression data mining 
Tool (ACT) website (http://www.arabidopsis.leeds.ac.uk/act/index.php) [52]. MetaOmGraph 
analysis used the publicly available “Affy.ath1.data1 project” containing normalized, averaged 
Arabidopsis experimental datasets obtained from NASCArrays 
(http://affymetrix.arabidopsis.info/) and PlexDB (http://plexdb.org) from 71 experiments and 424 
microarray chips from diverse environmental and genotypic conditions and tissue types and 
developmental stages. Correlations were calculated using the Pearson correlation algorithm. 
Visualization of the MetaOmGraph-derived network was performed in Cytoscape v2.8.0 
(http://cytoscape.org/) [97], applying the force-directed layout algorithm. Co-expression analysis 
using the BAR expression angler was performed for each PG gene by searching in the 
‘NASCArrrays 392’ dataset available at the website. Analysis at the ACT website was performed 
for each PG gene by using the “Co-expression analysis over available array experiments” option. 
 
2.5.11 Analysis of transcript accumulation during natural senescence Wild-type Arabidopsis 
col-0 was grown on soil. Leaf tissue was selected from five time points during the course of 
natural leaf senescence: 1 = leaf rosette from plants beginning to bolt; 2 = leaf rosette from plant 
beginning to flower; 3 = senescing leaf ~10% chlorotic, 4 = senescing leaf ~50% chlorotic; 5 = 
senescing leaf ~50% chlorotic, one week later in senescence. Total RNA was extracted from leaf 
tissue using the RNeasy plant miniprep kit (Qiagen) according the manufacturer’s instructions. 
700 ng of total RNA was used for synthesis of cDNA using oligo dT(20) primer and the 
Superscript III cDNA synthesis kit (Invitrogen) according to the manufacturer’s instructions. 
cDNA samples were diluted to equal concentration by normalizing according to amplification of 
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the actin2 gene using 20 cycles. Each gene was then amplified for 25 cycles using an equal 
volume of template and an appropriate gene specific primer pair. Signal intensity was quantified 
using the Alpha Imager 2200 v5.5 software package. The forward and reverse primers are: for 
PAO/ACD1 5'- GAT GCG AAA CTA CCA ATC GTC G -3'  and 5'- CAT CAG AAG 
GAA CAC CAG CCG -3'; for PPH 5'- CAA TCA TGC TTG CTC CTG GTG -3' and 5'- CTA 
CCA ATC CTG GAC TCC TCC -3'; for DGAT3 5'- GCC AGA GGA GCT TCA TTT TAC T -3' 
and 5'- GGG TAT GCC CAT TGT CCT T -3': for ABC1K7   5’- ATC CGC ACC CAG GAA 
ACC TT -3'and 5'- ACA GAT CCT GCC ATA GAA AGG AGG -3': for MCS 5'- GAA ATC 
GGT GGA GGT GAA CC -3' and 5'- GGT TGG TTG GCT CAC ATG AT -3': for ESTERASE 
5'- GCT AAC TGC TGT TAC CTC CCC -3' and 5'- CAA ACT CCG AAT GTT CTG GCC -3': 
 for ABC1K4 5'- GCA GCT TGG TCT ACT GTC TC -3' and 5'- CAC ATT AAG 
CGC GGT AAT AAG G -3': for FBN4 5'- TTC TTT CCG ACC ACC GTT CT -3' and 5'- 
ACT TGT GTG CCA ATG TCG C -3': for ACTIN2 5'- CAA ACG AGG GCT GGA ACA AGA 
CT -3' and  5'- GCA ACT GGG ATG ATA TGG AAA AGA -3' 
 
2.5.12 Calculation of protein physicochemical parameters Parameters were calculated by the 
ProtParam tool [98] available through the ExPasy website (http://expasy.org/tools/). 
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Functional group Bin size (a)
whole network 
(b)
MetaOm
Graph 
(b)
BAR (b) ACT (b)
Protein degradation 1355 0.1 0.1 0.1 0.0
Protein degradation - plastid 42 3.3 2.9 2.7 1.0
Protein degradation - not plastid 1313 0.0 0.0 0.0 0.0
PG 25 3.4 2.7 3.0 0.6
Light reaction 139 0.8 0.9 0.7 0.2
light stress-Lil/Sep/Ohp 8 0.5 0.0 0.5 0.0
NDH dependent & independent, 
Immutans, PIFI 29
1.5 1.8 1.1 0.4
PSI, PSII, ATPsynt, cytb6f, FNR, 
electron carriers (PC, Fd) 94 0.5 0.6 0.4 0.0
thylakoid-bound regulators, including 
kinases and phosphatases 5 3.2 4.0 4.0 3.2
Isoprenoid metabolism 124 0.7 0.6 0.4 0.3
Isoprenoid metabolism - plastid 59 1.1 0.9 0.5 0.4
Isoprenoid metabolism - not plastid 65 0.3 0.4 0.2 0.1
Redox 187 0.7 0.6 0.7 0.2
CHO metabolism (c) 441 0.3 0.3 0.3 0.1
Stress 690 0.1 0.1 0.1 0.0
Other (d) 1274 0.1 0.1 0.1 0.0
Protein - other 1535 0.1 0.1 0.1 0.0
Protein - other - plastid 211 0.7 0.7 0.7 0.2
Protein - other - not plastid 1326 0.0 0.0 0.0 0.0
Not assigned 7707 0.1 0.1 0.1 0.0
Development 521 0.1 0.0 0.0 0.0
Tetrapyrrole metabolism 50 0.5 0.4 0.5 0.2
Transport 944 0.1 0.1 0.1 0.0
Signalling 1048 0.0 0.0 0.0 0.0
Lipid metabolism 331 0.0 0.0 0.0 0.0
DNA/RNA 2659 0.0 0.0 0.0 0.0
Supplemental Table 4. Functional group enrichment of plastoglobule co-
expressers using different co-expression software programs
(a) number of genes (represented by a single probe spot on the 22K Affymetrix microarray chip) in 
each bin
(b) Number of edges per bin, normalized by bin size, and normalized for number of PG cores gene 
per module. Values in bold are enriched functions
(c) includes major and minor carbohydrate metabolism, gluconeogenesis, glycolysis, TCA cycle, C1 
metabolism, fermentation, oxidative pentose phosphate pathway, Calvin cycle, and all other dark 
reactions
(d) includes cofactor and vitamin metabolism, metal handling, xenobiotics, amino acid metabolism, 
nucleotide metabolism, cytoskeleton, mitochondrial electron transport, cell wall, cell, cell division, cell 
cycle, nitrogen metabolism, photorespiration, polyamine metabolism, sulfur assimilation, secondary 
metabolism (excluding isoprenoids/tetrapyrrole), and hormone metabolism
(e) all connections present in all three software programs
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CHAPTER THREE 
 
ABC1K ATYPICAL KINASES IN PLANTS; FILLING THE ORGANELLAR KINASE 
VOID 
 
3.1 ABSTRACT 
Surprisingly few protein kinases have been demonstrated in chloroplasts or mitochondria. Here 
the “activity of bc1 complex kinase” (ABC1K) protein family is discussed, which is suggested to 
locate in mitochondria and plastids, thus filling the kinase void. The ABC1Ks are atypical 
protein kinases and their ancestral function is the regulation of quinone synthesis. ABC1Ks have 
proliferated from 1-2 members in non-photosynthetic organisms to more than 16 members in 
algae and higher plants. The evolutionary history of the ABC1K family is reconstructed, and a 
functional domain analysis for angiosperms and a nomenclature for ABC1Ks in Arabidopsis, 
rice and maize is provided. Finally, it is hypothesized that targets of ABC1Ks include enzymes 
of prenyl-lipid metabolism and components of the organellar gene expression machineries.  
 
3.2 DISCUSSION 
 
3.2.1 The protein kinase-like superfamily The protein kinase-like (PKL) superfamily 
encompasses all protein kinases and a subset of small molecule/metabolite kinases (e.g. 
phosphatidyl-inositol phosphate kinases) [1, 2]. The PKL superfamily displays enormous 
sequence and structural variability to match the wide array of target substrates. PKLs can be 
subdivided between the eukaryotic protein kinases (ePKs) prevalent in the eukaryotes, and the 
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atypical protein kinases (aPKs), which predominate in the prokaryotes [2] (Figure 1). Two-
component kinases (i.e. histidine-aspartate kinases) form a separate family and are important in 
prokaryotes [3], but have been adapted by eukaryotes [4]. Sequence alignment analyses of 
numerous, diverse ePKs have established an ~250 amino acid ePK catalytic domain containing 
twelve subdomains [5, 6], while x-ray crystal structures of ePKs provide functional context for 
these subdomains (see e.g. [7-11]). The aPKs share little or no homology with ePKs, although 
crystal structures indicate that most maintain a similar overall protein kinase-fold [12]. In silico 
sequence and structural studies of the entire PKL superfamily reveal only ~10 residues  
 
 
 
Figure 1. Categorical relationships of the ABC1K protein domain, compared with the ePK 
family of kinases. The diagram illustrates the categorization of the protein-kinase-like 
superfamily. 
 
conserved across the ePKs and aPKs; and even these residues have been shown to be dispensable 
in certain PKLs [2, 12]. The ePK-like (ELK) group of aPKs, that share some sequence identity 
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with ePKs (usually < 15%), have emerged as important regulatory kinases of bacteria [13-16] 
and include the activity of bc1 complex kinase” (ABC1K) family [17], RIO kinases [18, 19], 
aminoglycoside kinases [20], and others [2]. In this chapter the evolutionary history of ABC1Ks 
will be explored, and support for their significance in plant mitochondria and plastids will be 
provided. 
 
3.2.2 A protein kinase void in plant plastids and mitochondria The complex orchestration of 
events in chloroplasts and mitochondria, such as photosynthetic processes and cellular 
respiration, and their need for rapid adjustment to alterations in environmental and 
developmental conditions, seemingly demands a level of control that could be provided by an 
assortment of kinases. So far nearly 200 Arabidopsis chloroplast phosphoproteins have been 
identified in Arabidopsis leaves [21, 22]. The true number of kinase targets in chloroplast and 
non-photosynthetic plastids is likely much larger, considering the technical challenges to identify 
phosphopeptides, and considering that samples from only a small number of developmental 
states and (a)biotic conditions have been analyzed [23-25]. Phosphoproteomic analysis of yeast 
mitochondria revealed a kinase network including 48 phosphoproteins involved in critical 
mitochondrial functions including carbohydrate metabolism, redox regulation, and apoptosis 
[26]. The phosphoproteome of plant mitochondria is poorly understood and fewer than 20 
phosphoproteins have been detected in Arabidopsis [27]. 
So far, identified protein kinases are under-represented in plant plastids and mitochondria 
[28, 29], possibly because multiple kinases of plastids and mitochondria may be bacterial-
derived kinases of the poorly annotated aPK family, rather than the better recognized ePKs [2]. 
Thus far in Arabidopsis, apart from ABC1Ks, 6-7 PKL kinases have been conclusively 
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demonstrated to localize to the plastid or mitochondria, despite significant and systematic efforts 
[28, 29]. In addition, one chloroplast and one mitochondrial two-component sensor kinase have 
been identified, and are the chloroplast sensor kinase (CSK) [30] and the pyruvate 
dehydrogenase kinase (PDK) [31], respectively. The experimentally identified ABC1Ks add 
seven kinases to Arabidopsis plastids and one to mitochondria (Table 1); because the ABC1Ks 
don’t have many of the typical ePK features, they have often not been recognized as kinases (e.g. 
see [29]). 
Characterization of plastid protein kinases has emphasized the role of phosphorylation in 
plastid gene expression and regulation of the photosynthetic thylakoid electron transport system. 
The state transition kinases, STN7 and STN8 localize to the thylakoid membrane system and 
phosphorylate subunits of the light-harvesting complex (LHC) and photosystem (PS), 
respectively, driving rapid alterations in light harvesting and electron transport in response to 
fluctuating environment [32-35]. Chloroplast stromal casein kinase IIα (cpCK2) appears to be a 
central regulator of various plastid functions [23]. cpCK2 was shown to interact with CSK 
providing a link between redox sensing and plastid transcriptional control [36]. The 
identification of two-component sensor kinases in plastids and mitochondria emphasizes the 
bacterial ancestry of the organelles and justifies the expectation that many of the organellar 
kinases are bacterial-derived aPKs. 
 
3.2.3 ABC1Ks in plastids and mitochondria The ABC1Ks are an evolutionarily-ancient gene 
family, conserved throughout species of all three primary kingdoms (archaea, bacteria, and 
eukaryotes), but have greatly expanded in number in photosynthetic organisms. The gene family 
in Arabidopsis thaliana contains seventeen members (Table 1, Figure 2). Analyses of purified 
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plastoglobules (PGs) from A. thaliana chloroplasts identified six ABC1K proteins (AtABC1K1, 
3-7) that localize predominantly (or exclusively) to this plastid location [37-39]. A seventh 
protein (AtABC1K8/OSA1) was shown to localize to the inner plastid envelope [40]. 
Furthermore, ABC1K13 is expected to be localized in mitochondria based on the localization of 
its functional homolog in yeast [17, 41]. Several others were observed in leaf or pollen samples 
(Table 1), but their subcellular localization was not determined. Proteome analysis of maize leaf 
fractions further supported plastid localization of eight ABC1K proteins;  ZmABC1K1, 3 (2 
homologues), 4, 5, 6, 8 and 9 were identified in maize proplastid and chloroplast fractions [42, 
43], with ZmABC1K4 and 9 enriched in plastid nucleoids [44] (Table 1). Furthemore, seven rice 
ABC1K proteins were identified in chloroplasts (Table 1). Finally, TargetP, an in silico predictor 
of protein localization [45], predicts plastid or mitochondrial localization for most of the maize, 
rice and Arabidopsis ABC1K proteins (Table 1). Therefore, we suggest that most, if not all, 
ABC1K proteins in higher plants are located in plastids or mitochondria. Based on mass 
spectrometry analyses, ABC1Ks assigned to plastids are in general far more abundant in leaf 
samples than those assigned to mitochondria (Table 1); this is in agreement with the notion that 
the plastids contribute much more protein biomass to the leaf than mitochondria. 
 
 
 
\ 
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Table 1: The nomenclature and subcellular locatization of the ABC1K protein family in Arabidopsis, Rice and Maize
Sub-
Family a Name
b Sub-cellular 
locationc
Arabidopsis 
homolog(s) d TargetP
e Exp. 
local.f
Rice 
homolog(s) g TargetP
e Exp. 
local.h Maize homolog(s)
i TargetPe
Exp. 
local.j
1 ABC1K1 plastid (PG) AT4G31390 k P PG Os11g11000 P plastid GRMZM2G377115 P PG
2 ABC1K2 plastid AT5G24970 M leaf Os07g27480 M n GRMZM5G817551n M n
3 ABC1K3 plastid (PG) AT1G79600 k P PG Os05g25840 P plastid
GRMZM2G315125  
GRMZM5G878070o
P               
P
PG               
PG
4 ABC1K4 plastid (Nuc) AT2G39190 P leaf Os02g56200 P n GRMZM5G855200p x Nuc
5 ABC1K5 plastid (PG) AT1G71810k P PG Os04g54790 P plastid GRMZM2G305007 M PG
6 ABC1K6 plastid (PG) AT3G24190 P PG Os02g57160 P plastid GRMZM2G157369 P PG
7 ABC1K7 plastid (PG) AT3G07700 x PG Os09g07660 P plastid GRMZM5G845129 P n
8 ABC1K8 plastid (IE) AT5G64940l P IE Os02g36570 P plastid GRMZM2G040511 P Nuc
9 ABC1K9 plastid (PG) AT5G05200 M PG Os07g12530 P plastid GRMZM2G031780 M PG
10 ABC1K10 mitochondria AT1G11390  AT1G61640
M             
M
leaf           
n
Os07g37180 
Os04g56510
M            
M
n                       
n
GRMZM2G067520  
GRMZM2G087201  
GRMZM2G368486
M            
M              
S
n                      
n                       
n 
11 ABC1K11 mitochondria AT5G24810 M leaf Os06g48770 M leaf GRMZM2G140917 M n
12 ABC1K12 mitochondria AT4G24810  AT5G50330
x              
x
n                  
n Os01g67720 x n
GRMZM2G113264 
GRMZM5G884972q
M             
M
n                      
n
13 ABC1K13 mitochondria (IM) AT4G01660m x pollen Os01g21610 S n
GRMZM2G003417  
GRMZM2G124553
x                
M
n                     
n
14 ABC1K14 mitochondria AT1G65950 M leaf Os11g34750  Os11g34830
M                  
M
n                       
n GRMZM2G040720 M n
15 ABC1K15 mitochondria AT2G40090 M leaf Os03g49140 x n GRMZM2G026180 x n
(b) Assigned name based on subfamilies
(d) Gene/protein accession numbers are from Arabidopsis genome assembly TAIR10 (http://www.arabidopsis.org/)
(e) The predicted subcellular location by TargetP based on most likely gene model for each locus (P - plastid, M - mitochondria; S - secreted; x - cytosol)
(g) Gene/protein accession numbers are from rice genome assembly v6 (http://rice.plantbiology.msu.edu/)
(i) Gene/protein accession numbers are from maize genome assembly 5b.60 (http://www.maizesequence.org/)
(k) Null mutant results in conditional stress phenotype. Unpublished data Lundquist, Giacomelli and van Wijk
(l) Mutant results in impaired cadmium tolerance (Jasinski et al 2009)
(m) Functionally complements ScCOQ8 mutant (Cardazzo et al 1997; Xie et al 2011)
(n) Gene/protein number in genome assemby 4a53 is GRMZM2G045183
(o) Gene/protein number in genome assemby 4a53 is GRMZM2G020627
(p) Gene/protein number in genome assemby 4a53 is GRMZM2G008643
(q) Gene/protein number in genome assemby 4a53 is GRMZM2G091267
(j) Experimental location based on mass spectrometry analysis of maize subfractions and leaves by the van Wijk lab. PG - plastoglobule; Nuc- nucleoid; n - not 
detected.
(a) Subfamilies determined by phylogenetic analysis, as illustrated in figure 2. Subfamilies 1-8 belong to the photosynthetic-specific clade, subfamilies 9-10 to the 
ancestral clade and subfamilies 11-15 to the mitochondrial clade.
(c) Most likely subcellular location in Arabidopsis, rice or maize based on experimental data combined with predictions (see also PPDB - 
http://ppdb.tc.cornell.edu/). PG - plastoglobule; Nuc - nucleoid; IE - inner envelope; IM - inner membrane
(f) Subcellular localization reported in the literature (PG - plastoglobule - see Lundquist et al. 2012; IE - inner envelope - see Jasinski et al. 2008); Leaf - detected 
in Arabidopsis leaf samples; Pollen - this protein was reported in the pollen proteome (Grobei et al. 2009); n - not detected.
(h) Experimental location based on mass spectrometry analysis of rice chloroplasts and leaves. n - indicates that the protein was not detected in rice leaves or 
chloroplasts (Huang, Friso and van Wijk, unpublished).
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Figure 2. A cladogram and table illustrating the diversity of species containing ABC1K proteins 
and their evolutionary relationships. A proliferation of homologs in photosynthetic species, 
especially eukaryotic species is seen in the table at right. The red asterisk indicates the three 
species with experimentally demonstrated functional homologs involved in UQ synthesis. 
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3.2.4 Identification of the ABC1K gene in yeast The founding member of the ABC1K protein 
family, ABC1/COQ8 in yeast (hereafter, ScCOQ8), is a nuclear-encoded protein required for 
ubiquinone (UQ) synthesis in the mitochondria. This gene was found to be necessary for redox 
activity of the mitochondrial bc1 complex involved in cellular respiration and was thus given the 
name abc1 (activity of bc1 complex) [46]. Loss of the ScCOQ8 gene causes a UQ deficiency and 
accumulation of the biosynthetic precursor 3-hexaprenyl-4-hydroxybenzoic acid, leading to 
instability of the bc1 complex and the lack of bc1 activity [47]. Missteps in the original analysis 
of ScCOQ8 gene function have caused confusion. The ScCOQ8 gene was initially believed to 
suppress a deleterious mutation in a cytochrome b translational activator (cbs2-223) leading to 
the incorrect conclusion that ScCOQ8p functions as a chaperone of cytochrome b [46, 48]. Not 
until a decade later was it found that ABC1 is the ScCOQ8 gene and that suppression of the 
translational activator mutant (cbs2-223) was due to a neighboring tRNATrp gene [47, 49]. It is 
thus currently accepted that ScCOQ8p is required specifically for regulation of UQ synthesis, 
and is not involved in chaperone activity. Furthermore, it is important to emphasize that the 
ABC1K family has no relationship with the ATP-binding cassette (ABC) membrane transporter 
family. 
 
3.2.5 Conservation of COQ8 function in UQ biosynthesis Analysis of homologs of yeast 
ScCOQ8p from diverse species has revealed remarkable functional conservation in UQ 
biosynthesis. Loss of UbiB or aarF, ScCOQ8p homologs in Escherichia coli and Providencia 
stuartii, respectively, causes UQ deficiency and concomitant accumulation of 2-
octaprenylphenol, indicating a block in the first monoxygenation step in their UQ biosynthetic 
pathway [50]. The substrate enzyme catalyzing this monoxygenation step, the postulated target 
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of the UbiB/AarF, has not yet been identified in either E. coli or P. stuartii [50]. The functional 
homolog in A. thaliana was found by complementation of the yeast ScCOQ8 deletion mutant 
with an A. thaliana cDNA library; the only complementing cDNA was AtABC1K13 
(At4g01660). This suggests that the A. thaliana genome only encodes a single functional 
homolog of ScCOQ8, which is supported by the phylogenetic analysis of the angiosperm ABC1K 
homologs (see below). Deleterious mutations in the human ABC1K homolog, ADCK3 (for aarF-
domain containing kinase 3), also displays a UQ deficiency [51, 52]. Functional homology of 
this gene was confirmed by successful complementation of the ScCOQ8 deletion mutant, when 
expressed along with a yeast mitochondrial transit peptide [17]. This heterologous expression of 
HsADCK3 in the ScCOQ8 mutant restored both UQ biosynthetic complex stability and 
phosphorylation of several enzymes of the pathway (COQ3, COQ4 and COQ7), suggesting that 
the kinase activity of this ABC1K protein can target multiple enzymes in the UQ pathway. 
 
3.2.6 Phylogeny of the ABC1K proteins Homologs of ScCOQ8p among the three branches of 
archaeal species (crenarchaea, euryarchaea, thaumarchaea) demonstrate strong BLAST hits (E-
value < 3e-16). The presence of ABC1K homologs in all three branches of archaeal species, and 
throughout the bacterial kingdom, indicates their ancient origin prior to the archaea/bacterial split 
(Figure 2). Importantly, the archaea and many bacterial species do not synthesize UQ, but other 
types of prenylquinones, in particular menaquione [53], suggesting that the ancient function of 
ABC1Ks is regulation of menaquinone rather than UQ. A striking proliferation of the ABC1K 
family is found in algae and land plants (11-23 homologs per species), whereas non-
photosynthetic prokaryotes and non-photosynthetic eukaryotes consistently contain respectively 
1-2 and 3-5 homologs (Figure 2).    
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Construction of a phylogenetic tree from the ABC1K proteins of 42 diverse species of 
archaea, bacteria, and eukaryotes reveals a division into 15 subfamilies, which we name 
ABC1K1 to ABC1K15 (Figure 3). Immediately apparent is the fact that the archaeal homologs 
of multiple species all group in a clade evolutionarily distant from the homologs of bacteria and 
eukaryotes (except for one of two homologs of achaeal Methanosarcina acetivorans). This 
creates a natural outgroup incorporated into the phylogenetic tree, here assigned the archaeal 
clade (Figure 3). Within each subfamily, the seven angiosperm species (four monocots and three 
eudicots) all collapse into their own subclade (Figure 3). Immediately sister to each angiosperm 
clade are homologs from lycopod (Selaginella moellendorfii) and moss (Physcomitrella patens) 
with sequences from green and red algae also closely related, indicating that each of the 15 
ABC1K families arose with the emergence of photosynthetic eukaryotes. Strikingly, the 
phylogenetic tree divides into three clear primary clades characterized by evolutionary origins 
and sub-cellular localization (Figure 3). 
The first clade comprises eight subfamilies (1-8) and is specific for photosynthetic 
organisms. Cyanobacteria harbor three of the eight photosynthetic-specific subfamilies (1, 2, and 
7) and it is likely that plastid endosymbiosis resulted in the introduction of these three proteins to 
a photosynthetic ancestor (see [54]) which subsequently expanded into the current eight 
members. The presence of algae in six of the eight subfamilies indicates that expansion of the 
plastid clade occurred very early in the development of the photosynthetic eukaryotic lineage. It 
is interesting that a majority of the plastid ABC1Ks (2-6) of algae and plants appear to be 
derived from the ancestral ABC1K2 of cyanobacteria, suggesting that they may have closely 
related or overlapping targets (Figure 3). Most of the higher plant proteins in this clade were 
identified in plastid fractions.  
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Figure 3. Phylogenetic tree of the ABC1K family among archaea, bacteria and eukaryotes.  The 
full complement of 274 ABC1K proteins of 42 species, from diverse archaea, prokaryotes and 
eukaryotes were aligned using MUSCLE 3.5.1 (http://toolkit.tuebingen.mpg.de/muscle) and 
manually corrected in the case of truncated protein sequences. The tree was constructed using the 
RAxML software tool at CIPRES (http://www.phylo.org/sub_sections/portal/) using the General 
Time Reversal model with 1000 bootstrap iterations and has been illustrated as an unrooted tree 
(A) and a proportional polar tree layout (B) using FigTree v1.3.1  
(http://tree.bio.ed.ac.uk/software/figtree/).  A, unrooted tree illustrating the three primary clades, 
in addition to an archaeal group forming a natural root to the tree. The three clades can be 
categorized by their presumptive localizations and origins indicated by color; plastid 
endosymbiosis (green), mitochondrial endosymbiosis (blue), ancestral (purple), or outgroup 
(archaea specific clade) (orange). B, Expansion of the tree shown in (A) illustrating the 
distribution of species. Branch numbers indicate bootstrap support. Species names are colored to 
distinguish archaea, photosynthetic and non-photosynthetic bacteria and photosynthetic and non-
photosynthetic eukaryotes. Angiosperm clades have been collapsed for legibility and are colored 
magenta. The 15 subfamilies are labeled around the perimeter of the wheel. Species are named as 
follows: Smoe, Selaginella moelindorfii; Ppat, Physcomitrella patens; Crei, Chlamydomonas 
reinhardtii; Cmer, Cyanidioschyzon merolae; Avar, Anabaena variabilis; Nsp, Nostoc sp.; Amar, 
Acarychloris marina; Ssp, Synechocystis sp.; Pmar, Prochlorococcus marinus; Ddis, 
Dictyostelium discoideum; Pinf, Phytophthora infestans; Hsap, Homo sapiens; Scer, 
Saccharomyces cerevisiae; Ncra, Neurospora crassa; Pstu, Providencia stuartii; Ypes, Yersinia 
pestis; Ecol, Escherichia coli; Neur, Nitrosomonas europaea; Rsol, Ralstonia solancearum; 
Bmel, Brucella melitensis; Atum, Agrobacterium tumefaciens; Lint, Leptospira interrogans; 
Scoe, Streptomyces coelicolor; Mace, Methanosarcina acetivorans; Bhal, Bacillus halodurans; 
Skuj, Sulfuricurvum kujiense; Mmus, Mus musculus; Dmel, Drosophila melanogaster; Rjos, 
Rhodococcus jostii; Nmar, Nitrosopumilus maritimus; Csym, Cenarchaeum symbiosum; Msed, 
Metallosphaera sedula; Ssol, Sulfolobus solfataricus; Hpau, Haladaptatus paucihalophilus; 
Npel, Natrinema pellirubrum. 
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 The second clade consists of the subfamilies 11-15, which are likely predominantly 
targeted to the mitochondria. In the case of subfamily 13 (which corresponds with ScCOQ8p and 
its functional homologs in Arabidopsis and humans) experimental evidence supports the 
mitochondrial location assignment, since ScCOQ8p of subfamily 13 localizes to the inner 
mitochondrial envelope [17] and the UQ pathway localizes within the mitochondria [55]. Except 
for Arabidopsis mitochondrial ABC1K13, experimental localization data is lacking for plant 
proteins in this clade. However, in silico analysis of proteins by TargetP predicts mitochondrial 
targeting for most of the Arabidopsis, maize and rice members, and none of the plant proteins 
have been observed in plastids (Table 1). Furthermore, homologs of this clade are prevalent in 
both photosynthetic and non-photosynthetic species, as would be expected from genes of a 
mitochondrial origin derived from endosymbiosis prior to the divergence of the plants [56]. That 
homologs of actinobacteria (Rhodococcus jostii and Streptomyces coelicolor), and spirochaetes 
(Leptospira interrogans) are present in this clade rather than the α-proteobacteria, the presumed 
mitochondrial ancestors, may not be surprising considering the influence of a fluid evolutionary 
model of prokaryotic genomes, which posits that the ancestral mitochondrial donor genome did 
not contain the current set of α-proteobacterial genes because of genome evolution involving 
mutations, gene loss and horizontal gene transfer over > 1.5 billion years [57]. 
The third, central clade with subfamilies 9 and 10 contains the majority of the non-
photosynthetic bacterial ABC1Ks, and their homologs in cyanobacteria, metazoa, and plants; this 
clade represents the ancestral group of ABC1Ks, derived not from organelle endosymbiosis but 
from the common ancestor of bacteria, archaea, and the nuclear genome of eukaryotes. However, 
subfamily 9 contains the photosynthetic prokaryotes (cyanobacteria) which lack in subfamily 10. 
Conversely, subfamily 10 contains non-photosynthetic eukaryotes, which lack in subfamily 9.  
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Cyanobacteria lack UQ, instead using plastoquinone 9 (PQ-9) for both photosynthetic 
and respiratory electron transport [58]. The ABC1Ks with demonstrated roles in UQ biosynthesis 
divide between subfamilies 10 and 13, consistent with the absence of cyanobacteria in these 
subfamilies. Furthermore, these ABC1Ks in non-photosynthetic prokaryotes (aarF in P. stuartii 
and UbiB in E. coli) fall into subfamily 10 (ancestral clade) while these ABC1Ks in eukaryotes 
(HsADCK3, ScCOQ8, and AtABC1K13) fall into subfamily 13 (mitochondrial clade). This may 
be a reflection of differences in biosynthetic pathways and requirements for regulation. 
Remarkably, prokaryotic PQ-9 biosynthesis appears to have arisen from the UQ 
biosynthesis in ancestral proteobacteria [59]. This is supported by: i) the Synechocystis genome 
encodes for homologs of the E. coli UQ biosynthetic pathway (Ubi X, D, H, E), ii) the two 
pathways both derive their head group from 4-hydroxybenzoate, rather than homogentisate as in 
eukaryotic PQ-9 synthesis, and iii) the PQ-9 prenyl-transferase of Synechocystis functionally 
complements the ubiA deletion mutant in E. coli [59]. It can be expected that the regulatory 
ABC1K of UQ synthesis was similarly co-opted for PQ-9 synthesis in cyanobacteria. Thus it 
appears that plants, through endosymbiosis of plastid and mitochondrial ancestors, have inherited 
multiple pathways for quinone metabolism along with the corresponding regulatory ABC1Ks, 
resulting in the proliferation of the ABC1K family in photosynthetic eukaryotes. 
Construction of an angiosperm-specific phylogenetic tree using the full complement of 
ABC1Ks from four monocots (Z. mays, O. sativa, B. distachyon, and S. bicolor) and three 
eudicots (A. thaliana, M. truncatula, P. trichocarpa) divides into 15 clearly distinguishable 
clades (sub-families) with strong bootstrap support (Figure 4). As with the larger phylogenetic 
tree in figure 3, the three primary clades with unique evolutionary origins and sub-cellular 
localizations are apparent. 
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Figure 4. Phylogenetic tree of the angiosperm ABC1K proteins. The unrooted tree was based on  
the amino acid sequence alignment of the 126 ABC1K proteins from three eudicot species (A. 
thaliana, M. truncatula, and P. trichocarpa) and four monocot species (Z. mays, O. sativa, B. 
distachyon, S. bicolor) which was manually corrected in the case of the truncated protein 
products. The tree was generated as outlined in Figure 2. The three clades identified and 
illustrated in figure 2 are indicated here using the same color code and each of the 15 subfamilies 
are labeled. Subcellular localization of each subfamily (black – plastids, red – mitochondria) has 
been determined by experimental evidence or in the absence of experimental evidence by 
TargetP prediction of the A. thaliana homolog. 
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3.2.7 Defining the ABC1K protein domain Based on the alignment of 100 full length ABC1K 
protein sequences from the seven angiosperm species used in the phylogenetic tree (Figure 3), a 
common ABC1K domain is observed, spanning ~350 residues and containing twelve conserved 
motifs (Figure 5). Furthermore, eight of the ten key residues of the PKL superfamily identified in 
[2] are present in the ABC1K family and correspond to motifs III, IVa, IVb, VIIb, and VIII, 
involved in ATP binding and orientation (III, IVa and IVb), catalysis (VIIb), and Mg2+ chelation 
(VIII) [6, 8, 11, 60]. The other seven motifs of the ABC1K domain (I, II, V, VI, VIIa, IX, X) do 
not have homologous sequences in ePKs, but can be found in a number of proteins outside of the 
PKL superfamily with diverse enzyme activities. The significance of these ABC1K motifs is 
unknown and will likely require crystallization studies and mutational analysis. 
 
Motifs conserved with ePKs The nucleotide-binding pocket (motif III) in the ABC1K family is 
unusual in that the first two characteristic Gly residues of nucleotide-binding pockets are both 
replaced with Ala. Between these two alanines is a single residue, either another Ala, or a serine 
or threonine. An invariant serine and glutamine, flanking 2 hydrophobic residues also appears in 
the ABC1K nucleotide-binding pocket. From the primary sequence alone it cannot be concluded 
which nucleotide (NTP) the ABC1Ks prefer as co-factor. The invariant lysine of PKLs (in motif 
II) lies in ABC1K motif IVa, fourteen residues downstream of motif III and is immediately 
downstream of two hydrophobic residues, as in the ePKs. The lysine helps to anchor the NTP by 
binding its α- and β- phosphates and positions the γ-phosphate for catalysis [6]. Motif IVb in 
ABC1Ks is characterized by an invariant (acidic) Asp residue, which we suggest is homologous 
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Figure 5. Conserved motifs of the ABC1K protein domain, compared with the ePK family of 
kinases. The twelve conserved motifs found in the ABC1K domain, from an alignment of 100 
sequences of three eudicot species (A. thaliana, M. truncatula, and P. trichocarpa) and four 
monocot species (Z. mays, O. sativa, B. distachyon, S. bicolor), are illustrated using the 
prototypical ePK of Mus musculus, cAMP-dependent protein kinase Cα (PKACα), and 
AtABC1K3. Five motifs are shared between ABC1Ks and ePKs and are colored in blue in the 
cartoon and are aligned to each other for comparison. Conserved motifs are described using the 
single letter code of amino acid residues and residues conserved in >75% of sequences are 
shown. Bold, underlined residues are conserved in 100% of the aligned sequences, z indicates a 
hydrophobic residue, x indicates any residue, + indicates a positive-charged residue. 
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to the invariant (acidic) Glu of ePKs. An acidic residue is necessary for stabilization of the Lys-
NTP interaction [6]. The catalytic motif (VIIb) contains a consensus HADPHPGN sequence in 
the ABC1K family. The Asp is 100% conserved among tested angiosperms and is likely 
homologous to the conserved Asp of ePK catalytic motifs, responsible for activating the 
substrate hydroxyl group via nucleophilic attack [6]. Mutation of this residue in ScCOQ8 
resulted in the abc1 deletion phenotype [17]. The histidines in the consensus sequence are 
conserved in all Arabidopsis ABC1Ks, except for ABC1K14 and ABC1K12 where the His 
positions are replaced with either Asn or Gln, indicating an absolute requirement for an amine-
containing side chain at that position. Motif VIII comprises the D[FYHV]G motif which anchors 
the Mg2+ necessary for positioning NTP, using  the invariant Asp to chelate this divalent cation 
[6]. The C-terminal motif of the ABC1K domain (motif X) deserves special mention because the 
motif in family 13 (PPEExxSLHRKxxG) is homologous with a motif in a number of proteins 
from diverse species including the RsbU phosphatase 2C of Bacillus subtilis [17]. X-ray 
crystallography studies of the RsbU protein have indicated that the sequence is critical for 
homodimerization by stabilizing the protein through helix-helix interaction [61]. Point mutations 
in motif X of HsABC1K13, (G549S, E551K) and ScCOQ8 (G475D) cause UQ deficiency, 
indicating a critical function for this motif in ABC1K function [17, 51, 52]. The 
homodimerization of the RsbU phosphatase facilitates binding with the RsbT serine kinase, 
creating a complex that mediates stress responses to environmental and nutritional signals in B. 
subtilis [62]. The other ABC1K families show divergent variants of this motif. Thus motif X in 
the ABC1Ks may similarly mediate protein-protein interactions necessary for mediating stress 
responses integral to ABC1K function (see below). 
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Domain architecture Land plant and red algae ABC1Ks in subfamily 11 (green algae has no 
observed homolog in this subfamily) contain a C-terminal β-lactamase domain, which in bacteria 
catalyzes hydrolysis of the β-lactam ring of penicillin. Identification of the intact catalytic motifs 
suggests that the lactamase domain is active [63]. Several β-lactamase domain proteins have 
been found in plants with other enzymatic activities such as glyoxylase proteins in rice and A. 
thaliana [64], and an A. thaliana DNA ligase [65]. The function of β-lactamase domains in 
plants and other eukaryotic species is unknown but it has been suggested that the fusion of the β-
lactamase domain to ABC1K confers a unique mechanism of autoregulation of kinase activity 
[63]. 
 
Kinase activity among the ABC1Ks A direct demonstration of kinase activity in the ABC1K 
protein family has proven difficult. However, indirect results from point mutants in predicted 
kinase residues of the yeast and human abc1k genes [17, 51, 52, 66] and an in-gelo study of the 
A. thaliana AtABC1K8/OSA1 gene have reinforced a protein kinase activity [40]. ScCOQ8p-
dependent isoelectric point shifts of several subunits of the yeast UQ biosynthetic complex 
(COQ3, 5 and 7) have been detected in 2D IEF-SDS-PAGE gels, suggesting that ScCOQ8p 
either directly or in-directly phosphorylates several enzymes of the UQ biosynthesis complex in 
yeast [17, 66]. Biochemical phenotypes of point mutations in conserved kinase subdomains have 
further supported the participation of ScCOQ8p in UQ biosynthetic complex phosphorylation. 
Five of eight point mutants demonstrating the abc1 deletion phenotype were mutated in residues 
of shared ePK-ABC1K motifs. In particular, mutation of the invariant lysine-216 (motif IVa) to 
an alanine caused dramatically reduced steady-state levels of the protein. Similarly, several 
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deleterious mutations in the human ADCK3, causing UQ deficiency, are point mutants in 
conserved kinase subdomains [51, 52].  
 
3.2.8 Experimental studies of plant ABC1Ks and mRNA co-expression analysis In non-
photosynthetic organisms, the ABC1K family has only been studied in relation to UQ 
biosynthesis. Yet, proliferation of the ABC1K family in photosynthetic eukaryotes implies an 
expansion of functions and targets.  
Leaf proteome analysis showed that the six most abundant ABC1K proteins in 
Arabidopsis were located in thylakoid-associated lipoprotein particles, known as plastoglobules 
(PGs) (Table 1). Based on genome-wide co-expression analysis of these six ABC1Ks [39], we 
suggested that they have regulatory functions concerning formation, maintenance and 
optimization of photosynthetic performance through regulation of specific sets of enzymes 
involved in carotenoid biosynthesis, photoacclimation, senescence, and plastid gene expression. 
CrABC1K6 (EYE3) in the green algae Chlamydomonas reinhardtii, was located in carotenoid-
rich lipophilic plastid particles (the pigment granule) in the eyespot of Chlamydomonas. Null 
mutants in CrABC1K6 failed to develop pigment granules or eyespots. The Arabidopsis homolog 
of CrABC1K6 (AtABC1K6) is located in chloroplast PG [39] (Table 1), consistent with the 
belief that PGs serve as the precursors of the eyespot pigment granule [67]. Additionally, 
AtABC1K6 tightly co-expressed with zeaxanthin epoxidase (ZEP), suggesting a regulatory role 
in the xanthophyll cycle [39]. Based on various data (Table 1), we believe that higher plant 
ABC1K4 is located in the nucleoid, where it may help regulate plastid gene expression. The 
functions of mitochondrial ABC1K proteins include regulation of UQ biosynthesis but are 
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otherwise unclear, though we speculate that it includes regulation of mitochondrial gene 
expression. 
Other experimental studies of plant ABC1K genes have emphasized a role in various 
types of abiotic stress tolerance, including the heavy metal cadmium. AtABC1K8 (OSA1), 
encoding for a chloroplast envelope protein, was transcriptionally upregulated in response to 
cadmium, and loss of AtABC1K8 expression rendered plants more susceptible to cadmium 
toxicity, high-light, and H2O2 [40]. Even under optimal growth conditions, these AtABC1K8 
mutants displayed elevated biochemical markers of oxidative stress (e.g. SOD activity). 
Likewise, a homolog of the PG-localized AtABC1K7 from the heavy-metal over-accumulator 
species Brassica juncea was also up-regulated in response to 24 hours of treatment with 
cadmium [68]. The maize homolog ZmABC1K8 expressed primarily in green tissue, with 
highest expression levels in fully mature leaves, and its expression was enhanced in response to 
cadmium [69]. Conversely, ZmABC1K8 mRNA accumulation was down-regulated by treatment 
with ABA, H2O2, and darkness, and did not respond to cold-treatment. It was suggested that 
heterologous expression of wheat ABC1K13 in A. thaliana conferred enhanced tolerance against 
a wide variety of stresses, but no evidence was presented for accumulation of the transgenic 
protein [70]. mRNA analysis of rice ABC1K genes suggested  highest expression in leaf tissue 
and varying responses to abiotic stresses [71].  
 
3.2.9 Conclusions and future directions Regulation of quinone synthesis is the ancient 
(archaeal) function of the ABC1K family. Plants, through endosymbiosis of plastid and 
mitochondrial ancestors, have inherited pathways for quinone metabolism along with the 
corresponding regulatory ABC1Ks. The requirement for additional quinolic and other prenyl-
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lipid compounds likely further drove the expansion of the ABC1K family in algae and higher 
plants. These ABC1Ks localize in plastids and mitochondria in which they represent the majority 
of known kinases. The direct targets of ABC1Ks are not known, but likely include enzymes of 
prenyl-lipid metabolism (e.g. carotenoids) and components of the organellar gene expression 
machineries. Systematic analysis of ABC1K targets will be critical in defining the functional 
significance of the ABC1K family in photosynthetic organisms. 
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CHAPTER FOUR 
 
PLASTID-LOCALIZED ATYPICAL PROTEIN KINASES ABC1K1 AND ABC1K3 ARE 
NECESSARY FOR LIGHT STRESS ADAPTATION IN ARABIDOPSIS 1 
 
4.1 ABSTRACT 
Despite the identification of nearly two hundred protein phosphorylation targets in plant plastids, 
less than a dozen protein kinases have been found to localize to this organelle to date. More than 
half of the protein kinases known to localize to the plastid are members of a large family of 
atypical protein kinases, the Activity of bc1 complex kinases (ABC1Ks). ABC1K1 and ABC1K3 
have been found in the A. thaliana chloroplast plastoglobule and are centrally-positioned as hubs 
in the plastoglobule transcriptional co-expression network, suggesting a significant regulatory 
role. Here, it is reported that A. thaliana T-DNA insertion mutants in ABC1K1 and ABC1K3 
reveal a conditional bleaching phenotype upon a 10-fold increase in light intensity in mutants of 
both genes. The double mutant (abc1k1 x abc1k3) demonstrated a senescent-like degreening 
under a 5-fold increase in light intensity that did not affect the single mutants, suggesting 
synergistic roles for each gene in the adaptation to excess excitation energy. Chloroplast 
ultrastructure of stressed k1k3 leaves were altered under light stress, demonstrating granal 
hyperstacking, with smaller but more numerous plastoglobules compared to the wild-type. 
Quantitative proteomics revealed reduced accumulation of the plastoglobule-localized carotenoid 
cleavage dioxygenase 4 and altered expression of additional carotenoid metabolic enzymes under 
light stress in k1k3 leaves. Quantitative prenyl-lipid profiling of the plastoglobule and thylakoid 
                                               
1 In-gel digestions and mass-spectrometry operation were performed by Dr. Anton Poliakov. 
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show accumulation of β-carotene and xanthophylls in plastoglobules of k1k3 but not wild-type. 
Furthermore, increased accumulation of quinone compounds at the expense of tocopherols in 
k1k3 PGs suggests a regulatory role for the ABC1Ks in the PG-localized tocopherol cyclase 
(VTE1) reaction. Collectively, the results suggest a role of ABC1K1 and ABC1K3 in the 
regulation of multiple prenyl-lipid metabolic pathways as an adaptation to excess excitation 
energy. 
 
4.2 INTRODUCTION 
Protein phosphorylation is known to regulate important plastid functions including 
photosynthetic activity and plastid gene transcription [1, 2]. Large-scale phosphoproteome 
analyses of Arabidopsis total leaf tissue or cell cultures have identified nearly two-hundred 
phosphoproteins in the plastid [3-6]. In addition to identification of the well-known 
phosphoproteins of photosystem and light harvesting complexes, targets of phosphorylation also 
include multiple enzymes of diverse plastidic processes such as gene transcription, carbohydrate 
metabolism, amino acid metabolism, lipid metabolism, and nucleotide metabolism, indicating 
extensive use of protein phosphorylation in plastid metabolism [3-6]. 
 About a dozen protein kinases have been found to localize in the Arabidopsis plastid [7, 
8], only four of which have an experimentally demonstrated function and known protein targets. 
The state transition kinase 7 (STN7) phosphorylates LHCII subunits, thereby regulating their 
distribution in the thylakoid membrane, the so-called state-transitions [2]. Its homolog, STN8, 
phosphorylates the photosystem II subunits, D1, D2, CP43, and PsbH, and potentially the 
thylakoid Ca2+-sensitive receptor protein (CaS) [9, 10]. STN8-dependent phosphorylation of PSII 
has been implicated in control of thylakoid granal stacking and turnover of the D1 protein [11, 
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12]. Phosphorylation of several RNA-binding proteins and proteins of the plastid transcription 
machinery has been attributed to the chloroplast-localized casein kinase IIα homolog (cpCKIIα) 
of Arabidopsis [13-16]). Additionally, a bacteria-type two-component histidine kinase called 
chloroplast sensor kinase (CSK), is responsible for regulating gene transcription of plastid-
encoded photosystem genes, psaA and psaB and physically interacts with cpCKIIα and the 
plastid transcription factor, sigma factor 1 (SIG-1), suggesting direct phosphorylation activity [1, 
17]. More than half of the identified protein kinases of the plastid are members of the activity 
of bc1 complex kinases (ABC1Ks), a family of atypical protein kinases that has proliferated from 
1-2 members in non-photosynthetic species to more than 16 members in plants [18]. In 
Arabidopsis there are seventeen homologs, seven of which have been experimentally 
demonstrated to localize in the plastid [18-20]. The name for the family comes from the 
phenotype of a yeast deletion mutant which is unable to synthesize ubiquinone (UQ) and thus 
lacks activity of the mitochondrial bc1 complex [21, 22]. A homolog in Arabidopsis, 
AtABC1K13, functionally complements the yeast deletion mutant indicating extensive 
conservation in UQ synthesis among eukaryotes [23]. 
Kinase activity of the ABC1Ks remains to be demonstrated, though indirect evidence 
from point mutants in the ABC1K domain supports the putative kinase assignment. Five of eight 
point mutants in the yeast ABC1 demonstrating the abc1 deletion phenotype were mutated in 
conserved residues shared with known protein kinases [24]. Similarly, several deleterious 
mutations in a human ABC1K homolog are point mutants in conserved kinase residues [25, 26]. 
Furthermore, yeast ABC1-dependent isoelectric point shifts of several subunits of the yeast UQ 
biosynthetic complex have been detected, indicating that ABC1 is either directly or in-directly 
responsible for phosphorylation of the UQ biosynthetic complex in yeast [24]. 
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ABC1Ks have only been studied in relation to UQ synthesis in non-photosynthetic 
organisms. However the proliferation of the family in plants suggests an expansion of targets and 
functions. Six of the homologs in Arabidopsis have been found to localize to the chloroplast 
plastoglobule (PG), a lipoprotein particle attached to the thylakoid membrane that maintains a 
distinct population of lipids and about two dozen enzymes [19]. PGs are formed by the blebbing 
of the outer leaflet of the thylakoid membrane bilayer, resulting in a hydrophobic interior with a 
amphiphilic perimeter, permanently coupled to the thylakoid [27]. The permanent association of 
the PG and thylakoid membrane permits a conduit for metabolite exchange between the two 
structures. The nature of protein localization or protein association with the PG is unclear. 
However, metabolic enzymes acting on substrate deposited in the PG are likely peripherally 
associated with the PG through insertion of a hydrophobic face, permitting access to lipid 
substrate, as also proposed for allene oxide synthase (AOS) based on the elucidation of its three-
dimensional structure [28]. Other PG proteins not acting directly on lipid substrate in the PG, 
such as the ABC1Ks, might also associate via a hydrophobic face, protein-protein interaction, or 
be tethered to the PG through covalent modifications. 
Interestingly, PGs are rich stores of various quinones and contain multiple enzymes 
involved in their metabolism (e.g. tocopherol cyclase [VTE1] and NAD(P)H dehydrogenase C1 
[NDC1]), suggesting ABC1Ks localized at the PG may be regulators of plastidic quinone 
metabolism. A genome-wide transcriptional coexpression network of the PG-localized genes  
finds ABC1Ks positioned as hubs of functional modules related to prenyl-lipid metabolism, 
protein turnover, redox signaling and senescence [19]. An A. thaliana insertion mutant of the 
inner envelope-localized AtABC1K8 revealed constitutively high accumulation of ROS and 
oxidative stress-associated genes, as well as sensitivity to cadmium stress [20]. Investigation of 
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the PG-localized AtABC1K1 using RNAi indicated an impairment in chlorophyll degradation, 
however the RNAi strategy unfortunately used the full length coding sequence of the gene likely 
causing many ABC1K genes to be affected [29]. 
 Here we report evidence implicating the PG-localized AtABC1K1 and AtABC1K3 in 
adaptation to increased light intensities during growth. Null mutants of ABC1K1 and ABC1K3 
result in rapid photobleaching and necrosis upon transition to a 10-fold increase in light intensity, 
while the corresponding double mutant (abc1k1 x abc1k3) shows enhanced sensitivity, 
demonstrating senescent-like degreening when transferred to five-fold higher light intensity. Our 
molecular analyses support the proposed role of the PG and ABC1Ks in photoacclimation by 
regulating prenyl-lipid metabolic pathways of the plastid. 
 
4.3 RESULTS  
 
4.3.1 Isolation of PG-localized ABC1K mutants It has been reported previously that the 
Arabidopsis thaliana PG proteome contains at least six ABC1K putative kinase proteins, 
ABC1K1,3,5-7 and 9 [18]. Transcriptional coexpression analysis has placed the ABC1K1 and 
ABC1K3 genes centrally within the PG coexpression network, suggesting a central regulatory 
role in PG function [19]. To test the significance of ABC1K1 and ABC1K3 in plastoglobule 
function a reverse genetics approach was used. We obtained two SALK T-DNA insertion 
mutants in ABC1K1 and one SALK T-DNA insertion mutant in ABC1K3 and confirmed their 
insertion sites by sequencing genomic DNA (Figure 1A). RT-PCR from mature leaf tissue using 
primers specific to the 3’-end of the coding sequences indicated that no full-length transcripts of 
mutated genes were accumulating in the 3 insertion mutant lines (Figure 1B). However, the 
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insertion sites were downstream of the conserved kinase subdomains [30]. Thus, accumulation of 
truncated transcripts was tested using RT-PCR with primer pairs specific to the 5’ and middle 
portions of the gene transcripts (Figure 1C), indicating that truncated transcript accumulates in 
the insertion mutants. 
Antibodies raised against the C-termini of ABC1K1 and ABC1K3 were used for 
immunoblotting of total protein extract from mature leaf tissue of abc1k1-1, abc1k1-2, and 
abc1k3. Interestingly, a lesion in either ABC1K gene caused reduced accumulation of the other 
ABC1K protein, suggesting a common function and/or physical association for these two 
proteins (Figure 1D). Reduced levels of what appears to be truncated ABC1K1 accumulated in 
abc1k1-1, however no peptides of ABC1K1 or ABC1K3 were detected in leaf or PG proteomics 
experiments of abc1k1-1 x abc1k3 (k1k3), indicating that the insertion mutants fail to accumulate 
functional protein and are null mutants. In wild-type individuals ABC1K1 and ABC1K3 are 
expressed in mature wild-type leaf tissue, and accumulation was induced more than 4-fold and 
19-fold, respectively, in response to a 5-fold increase in light intensity (Figure 1E). 
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Figure 1. SALK insertions in abc1k1-1, abc1k1-2, and abc1k3 are null mutants. A, the genetic 
structure of the ABC1K1 and ABC1K3 loci and the position of the T-DNA insertions are shown. 
Exons are indicated by black boxes, introns are indicated by lines. The orange hash marks 
indicate the location of the ABC1K domain [18]. Arrows below the genes indicate the positions 
of the forward and reverse primers used for the RT-PCR reactions shown in B and C. B, RT-
PCR reactions (35 cycles) amplified the 3’-end of ABC1K1, ABC1K3 or ACTIN2 cDNA. C, RT-
PCR reactions (30 cycles) of the 5’-end, middle (M), and 3’-end of ABC1K1, ABC1K3 
transcripts, ACTIN2 was used as a loading control. B and C, total RNA was extracted from 
mature leaf tissue of Col-0 (WT), abc1k1-1, abc1k1-2 and abc1k3 single mutants. D and E, 
immunoblot of 30 μg of mature leaf tissue protein extracts. In C, tissue was unstressed; in D, 
wild-type tissue was treated with light stress for 0, 1, or 5 days. Asterisk indicates the presumed 
truncated protein of ABC1K1. 
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4.3.2 A conditional light stress phenotype caused by loss of ABC1K1 and ABC1K3 Mutant 
individuals could not be distinguished from wild-type when grown under permissive growth 
conditions (data not shown). However, when plants grown at ~100 µE m-2 s-1 were subsequently 
transferred to 1000 µE m-2 s-1, a 10x light stress, late in the vegetative growth phase of 
development, it was found that null mutants displayed a unique phenotype, with widespread leaf 
photobleaching and necrosis appearing within 1 day (Figure 2A). 
A cross of the abc1k1-1 and abc1k3 mutant lines was made to test for possible functional 
redundancy. As in the parental single mutants, the resulting double homozygous mutant (k1k3) 
was also found to grow and develop as the wild-type under permissive growth conditions and 
rapidly photobleached under the high-light stress treatment. However, k1k3 displayed sensitivity 
to a milder light transition (to ~500 µE m-2 s-1, 5x light stress) that was not found in the parental 
single mutants or the wild-type (Figure 2B). Under this moderate light stress, the mature k1k3 
leaves demonstrated a senescent-like phenotype, in which they began to visibly degreen only 
after about three days and failed to accumulate anthocyanins outside of the vasculature (Figure 
2C). Younger leaf tissue appeared unaffected by the light stress treatment, as has been reported 
for other oxidative/light stress treatments [31]. This synergistic effect in k1k3, in combination 
with the compensation found in the single mutants under the moderate light stress regime, 
indicates non-redundant contributions of ABC1K1 and ABC1K3 to the light-stress response. 
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Figure 2.  abc1k1-1 and abc1k3 demonstrate a conditional and synergistic light stress phenotype. 
A, mature, 3 week-old plants grown under a 120 µE light regime were transferred to 1000 µE 
and grown for 1 day. B, mature, 3 week-old plants grown under a 120 µE light regime, were 
transferred to 520 µE and grown for 7 days. C, the abaxial face of leaves of WT and k1-1xk3 
individuals treated with moderate-light stress treatment for 7 days demonstrate the lack of 
anthocyanin accumulation outside of the vasculature in k1-1xk3 individuals. 
 
Measurement of extracted chlorophylls and carotenoids revealed a steady depletion of the 
photosynthetic pigments in k1k3 over the course of the light stress treatment, reaching levels 
50% and 66% that of pre-stress tissue, respectively, after 7 days of light stress (Figure 3A). 
Quantification of xanthophyll pigments from leaf tissue indicated no impairment of xanthophyll 
cycle induction (i.e. conversion of violaxanthin into zeaxanthin) in k1k3 although the total 
xanthophyll pool size did not shown an increase after the first day of stress as observed in the 
wild-type (Figure 3B). Immunoblotting of total leaf protein revealed near complete loss of the 
PSII core in k1k3 after 3 days of light stress treatment (Figure 3C). Thus, it appears that 
degradation of photosystem II is concurrent with chlorophyll and carotenoid depletion in the  
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Figure 3. Moderate light stress causes depletion of chlorophyll, carotenoids and photosystem II 
core components in k1k3. A, Chlorophyll and carotenoid levels were measured in mature leaf 
tissue immediately prior to transferring to moderate light stress and after 3, 5 and 7 days of light 
stress. B, Measure of xanthophyll cycle induction and xanthophyll pool size in response to 
moderate light stress using HPLC. Xanthophyll de-epoxidation is measured as 
(Z+0.5A)/(Z+A+V) where Z is zeaxanthin, A is antheraxanthin and V is violaxanthin. The 
xanthophyll pool size is the total of Z, A, and V on dry weight basis. C, Immunoblots of mature 
leaf tissue in response to 5x light stress treatment. Total protein was extracted from mature leaf 
tissue immediately prior to transferring to 5x light stress and after 3 and 5 days of the light stress. 
20 µg of protein from each sample was separated by SDS-PAGE and immunoblotted with 
indicated antibody. Ponceau stain of Rubisco large subunit is included as a loading control. Error 
bars measure one standard deviation of 3 biological replicates. Where error bars are not included, 
they are smaller than the data point symbol. 
 
thylakoids of k1k3 (also see section 4.3.5 below). 
A very similar senescent-like degreening with a lack of anthocyanins has been 
demonstrated in a PG-localized FBN1a,1b,4 RNAi knockdown line under an 8x high light stress 
(120 µE m-2 s-1 to 850 µE m-2 s-1) combined with cold stress (23oC to 15oC) [32]. Surprisingly, 
this phenotype could be fully complemented by jasmonic acid (JA) treatment; however, a similar  
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Figure 4. Treatment with methyl-jasmonate (Me-JA) fails to complement the 5x light stress 
phenotype found in k1k3 individuals. Plants were treated with or without 200 μM Me-JA as a 
foliar spray once every 24 hours, beginning the day before the stress treatment. Individuals 
shown here have been under 5x light stress for seven days. A, adaxial face of the plants. B, 
abaxial face of the plants, illustrating lack of anthocyanins. 
 
treatment on the k1k3 individuals failed to prevent or delay the degreening (Figure 4). 
The degreening observed in the k1k3 leaves under moderate light stress may reflect 
induction of a senescence-like program, or an alternative programmed cell death (PCD) 
response. An easily discernible distinction between senescence and many other forms of PCD is 
the reversibility of senescence. Thus, plants were tested for their ability to regreen by subjecting 
them to the 5x light stress for either 3, 5 or 7 days and then returning them to low light levels 
(pre-stress intensity). Mature leaves which had initiated degreening failed to regreen, instead 
continuing to degreen and necrose albeit at a reduced rate than under the elevated light intensities 
(Figure 5). At the same time, young leaf tissue which did not initiate degreening while under the 
light stress treatment did not initiate ‘delayed’ degreening after returning to the original light 
intensity. This suggests that the light stress treatment initiates an irreversible PCD-like response 
in mature leaves within 3 days, the kinetics of which are dependent on the prevailing light 
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Figure 5. De-greening in k1k3 continues to progress independent of stress once triggered. Plants 
were grown for 3 weeks under 120 μE m-2 s-1 before being transferred to 520 μE m-2 s-1, to apply 
moderate light stress. After 3 days under the light stress, individuals were returned to 120 μE m-2 
s-1 and monitored for an additional 5 days. Wild-type plants accelerated their growth rate and 
degraded anthocyanins that had accumulated during the stress, while k1k3 plants continued to 
necrose and degreen. A representative individual from each genotype is illustrated. Red arrows 
point out leaf necrosis developing in the k1k3 individual after removal from the moderate stress 
regime. 
 
intensity. To study the role of the ABC1K1 and ABC1K3, k1k3 offers a convenient tool as it 
provides viable tissue with a relatively mild light stress, minimizing pleiotropic effects. Thus, we 
sought to further characterize the response of k1k3 to the 5x light stress treatment. The remainder 
of the experiments therefore concern comparison of wild-type and k1k3 individuals. 
 
4.3.3 Oxidative stress in k1k3 The degreening phenotype in k1k3 may be due to elevated 
oxidative stress. Thus, ROS accumulation in the leaf was studied by tissue stains specific for 
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hydrogen peroxide (H2O2) and superoxide (O2-) immediately prior to the light transition, and at 
2, 6, 16 hours and 2 days after light transition. Prior to light transition, strong H2O2 accumulation 
in the leaf vasculature and occasional small patches of accumulation along the leaf margins in 
both genotypes was found (Figure 6). The light transition did not lead to enhanced accumulation 
in either genotype, though H2O2 accumulation in the vasculature in both genotypes had 
decreased considerably at the 16 hour and 2 day time points. Staining for O2-, using nitroblue 
tetrazolium (NBT), revealed an intense burst of accumulation throughout the leaf tissue 2 hours 
after light transition in both genotypes (Figure 6), which tapered over the remainder of the time 
course. 
 
 
Figure 6. Cell stains for hydrogen peroxide and superoxide over moderate light stress time 
course. The number of hours under light stress before harvesting and staining are indicated. 
Photographs are representative of 3 biological replicates of each genotype and time point. A, 
nitroblue tetrazolium in the presence of superoxide develops a blue precipitate. B, 
diaminobenzidine in the presence of hydrogen peroxide develops a brown precipitate. 
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Singlet oxygen (1O2) is an additional ROS produced as a byproduct of normal 
photosynthetic activity, but is difficult to measure in vivo. Elevated levels of 1O2 produced under 
excess excitation energy can activate an EXECUTER1- and EXECUTER2-dependent retrograde 
signaling pathway leading to programmed cell death [33]. Thus a dependence of light-stress 
sensitivity on 1O2-dependent signaling was tested using the EXECUTER1 and EXECUTER2 
genes (EX1, EX2). However, the phenotype of a quadruple mutant, deficient in the EXECUTER 
genes and the ABC1K genes, developed the same degreening phenotype at the same rate and 
magnitude under both light stress regimes (Figure 7). This contradicts the involvement of the 
EXECUTER-dependent 1O2 signaling pathway in the 5x and 10x light stress phenotypes in k1k3.  
The central role of the water-soluble ascorbate-glutathione cycle in ROS scavenging 
means changes in the ascorbate or glutathione levels may indicate changes in ROS levels in 
tissue [34]. Concentration and oxidation of the ascorbate and glutathione were measured from 
total leaf samples using absorbance spectrophotometry (Figure 8). Prior to light stress, ascrobate 
levels were identical between the two genotypes, though glutathione was about 20% higher in 
k1k3. In response to the 5x light stress, ascorbate levels increased in the wild-type tissue, 
whereas glutathione levels increased in k1k3 tissue (Figure 8). The oxidation states of the 
ascorbate and glutathione were not significantly different between the genotypes. 
 
 
 
 
 
 
181 
 
 
 
 
Figure 7. The conditional phenotype of k1k3 is unaffected by lesions in the EX1 and EX2 loci 
involved in singlet oxygen retrograde signaling, leading to programmed cell death.  Wild-type 
plants were grown up alongside k1k3, ex1ex2, and the corresponding quadruple mutant, 
ex1ex2k1k3. All four genotypes were found to grow and develop, at the same rate. When plants 
were transferred to 520 (A) or 1000 (B) μE m-2 s-1, ex1ex2 did not display a conditional light 
stress phenotype, while the quadruple mutant displayed the same degreening as k1k3. 
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Figure 8. Ascorbate and glutathione levels in total leaf tissue. Ascorbate and glutathione were 
measured spectrophotometrically as described in [35]. Error bars indicate ± 1 standard error of 
four biological replicates. The standard error for amounts of oxidized compounds are too small 
for visualization in the image and have been excluded. Statistically significant differences of 
total levels of ascorbate or glutathione between genotypes are indicated by an asterisk, as 
follows: * p-value < 0.05; ** p-value < 0.01, n=4. 
 
4.3.4 Electron microscopy The impact of loss of ABC1K1 and ABC1K3 on the ultrastructure of 
chloroplasts was tested under permissive growth and in response to 5x light stress. Prior to stress, 
ultrastructure of the PG and chloroplasts was indistinguishable between both genotypes (Figure 
9A). Average chloroplast cross-sections in both genotypes were about 7.9 µm2 and average PG 
cross-sections were about 6.3 nm2. All PGs stained darkly in the presence of osmium tetroxide. 
An average of about 1.2 PGs could be found per µm2 of chloroplast area in both genotypes. 
183 
 
 
Figure 9. Plastid ultrastructure in wild-type and k1k3 responds differently to moderate light 
stress. Mature leaf tissue was harvested 2 hours after the onset of the photoperiod after 0, 1, and 
5 days of 5x light stress. A, representative micrographs after 0 and 5 days illustrate the genotype-
specific responses to moderate light stress in the chloroplast ultrastructure. All micrographs are 
to the same scale. Black scale bar denotes 1 µm. B, graphs of four parameters measured from 
electron micrographs. Each data point represents the mean measurement from 24 micrographs of 
3 individual plants. Error bars represent ± 1 standard error. * indicates p « 0.001 between the two 
genotypes at each time point. C, Histogram demonstrating the granal hyperstacking in k1k3 after 
0 and 5 days of moderate light stress. At least 80 granal stacks from 3 individuals were measured 
for each genotype at each time point. 
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In response to the 5x light stress, the plastid ultrastructure was altered in both genotypes, 
albeit in different ways. Wild-type PG size increased after 1 day of stress and increased further 
after 5 days under the stress treatment (Figure 9B), consistent with the well-documented 
dynamics of PG size in stressed tissue [36]. Concomitant with the increased size, the interior of 
many PGs stained lighter with a solid black periphery. In fact, the staining was reminiscent of oil 
bodies derived from the endoplasmic reticulum, see e.g. [37, 38]. The chloroplast area also 
increased after 1 and 5 days of light stress, causing a subtle decrease in the number of PGs per 
chloroplast area. 
Under light stress, k1k3 ultrastructure differed dramatically from the wild-type. However, 
the integrity of the chloroplasts and thylakoid membranes was maintained, indicating the 
degradation of photosynthetic pigments did not correspond to a dismantling of the photosynthetic 
organelles as a whole. The k1k3 PG area remained remarkably consistent across the time-course, 
although, the number of PGs per chloroplast area increased almost 6-fold after 5 days of stress 
treatment, along with the induction of granal hyperstacking (Figure 9C). The size of the grana 
hyperstacking was on the order of that reported in the starch synthesis and sucrose export 
defective adg1-1/tpt-1 double mutant [39]. The PGs, absent an increase in size, continued to 
stain solid black, lacking any light gray staining as seen in the wild-type light stressed PGs. The 
chloroplasts of k1k3 also swelled transiently after 1 day of stress, in parallel with the wild-type, 
but had reverted back to near pre-stress levels by 5 days of stress. The two genotypes increase 
their ratio of PG area per chloroplast area in parallel, albeit using different methods; while the 
wild-type increases the size of its PGs, k1k3 increases its number of PGs (Figure 9B). Thus, after 
light stress, k1k3 PGs have a much higher surface area:volume ratio than wild-type, with 
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implications for the accumulation of amphiphilic versus hydrophobic lipids (see section 4.4 
Discussion). 
 
4.3.5 Quantitative protein composition of the leaf tissue of wild-type and k1k3 Understanding 
the protein abundance changes in k1k3 leaf tissue can provide valuable information about the 
molecular nature of the degreening phenotype and the function of the ABC1K1 and ABC1K3 
genes. Thus, a quantitative proteomics analysis using spectral counting was undertaken on total 
leaf protein samples collected from both genotypes after 0, 3, and 5 days of 5x light stress. A 
total of 2274 proteins (or groups of closely related proteins) were identified across the six 
genotype-time-points. ABC1K1 and ABC1K3 were identified in two and three of the three time 
points of wild-type, respectively, but no peptides were identified in k1k3 individuals, supporting 
the null mutant assignment of the abc1k1 and abc1k3. High correlation coefficients between the 
three replicates of each genotype-time point (R2 > 0.93) indicate excellent reproducibility (data 
not shown).  
At Day 0, prior to the light stress, only 15 of the 2274 proteins were differentially 
accumulating between the genotypes with a p-value < 0.01 as calculated by the GLEE software 
program [40]. Thus, very little protein phenotype was present in k1k3 prior to light stress, 
consistent with the whole plant and molecular analyses presented above. One of the fifteen 
proteins showing differential accumulation at Day 0 was the PG-localized carotenid cleavage 
dioxygenase 4 (CCD4), which was persistently under-accumulating in k1k3 leaves (~10-30% of 
WT) at all three time points. 
Consistent with the pigment analyses and degreening phenotype, the PSI, PSII, 
Cytochrome b6f, and NDH complexes, but not the coupling factor complex, were reduced in 
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k1k3 compared to wild-type under light stress (Figure 10A). This was especially pronounced for 
the PSII core complex. Proteins of the photorespiratory pathway and Calvin cycle accumulated 
to comparable levels in wild-type and k1k3 at all three time points, and thus were not impacted 
by the loss of ABC1K1 and ABC1K3 as the photosystem complexes were (data not shown). 
A regulatory role for ABC1K1 and ABC1K3 in plastid protein degradation and prenyl-
lipid metabolism was suggested by the transcription coexpression patterns of ABC1K1 and 
ABC1K3. In addition to the reduced levels of the PG-localized CCD4 in k1k3 at all time-points, 
three prenyl-lipid coexpressers of ABC1K1 and ABC1K3 [19] were effected under light stress. 
Geranylgeranyl diphosphate reductase (GGDR) was not detected in k1k3 after 3 days of stress, 
while zeaxanthin epoxidase (ZEP) and ζ–carotene desaturase (ZDS), were elevated in k1k3 after 
5 days of light stress (Figure 10B).  Though the low abundance and large standard deviations of 
ZEP and ZDS made it difficult to determine the statistical significance of the genotypic effect, 
the GLEE software program considered the differences between wild-type and k1k3 to be 
significant. Several subunits of the stromal Clp and thylakoid FtsH plastid protease complexes 
coexpressed with ABC1K1 and ABC1K3 as well. A slight but statistically significant elevation in 
the Clp complex was found in k1k3 at 5 days of light stress (Figure 10C). Similarly, the FtsH 
complex and DegP protease subunits were elevated 3 days after light stress in k1k3, relative to 
wild-type. 
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Figure 10. Protein abundance of selected proteins and complexes in wild-type and k1k3 total leaf 
tissue. Abundance was measured as the average of the sum of NadjSPC of all proteins from three 
biological replicates. Statistically significant differences between genotypes with p-value < 0.01 
are indicated with a double asterisk above the time point. 
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It was reported previously that an RNAi line using the full length sequence of ABC1K1 
was impaired in chlorophyll degradation [29]. However, no altered levels of chlorophyll 
degradation enzymes (chlorophyllase, pheophorbide a oxygenase, and red chlorophyll catabolite 
reductase) were found in k1k3 leaves either before or after light stress, which is surprising in 
light of the degreening phenotype (Figure 10D). On the other hand, proteins of tetrapyrrole 
synthesis were reduced in k1k3 relative to wild-type at 3 days of light stress, suggesting reduced 
chlorophyll accumulation may be accomplished by reduced synthesis rather than elevated 
degradation in k1k3. 
The light stress-dependent degreening in k1k3 may be due to impaired induction of 
alternative electron flows which can serve to dissipate excess excitation energy. The PGR5 and 
PGRL1A and 1B proteins are implicated in regulation of cyclic electron flow around PSI [41, 
42], and PGRL1A is a component of the PG coexpression network [19]. However, accumulation 
levels of the three proteins were indistinguishable between the genotypes. An alternative, PGR5-
independent cyclic electron flow is created by the NAD(P)H dehydrogenase (NDH) complex, 
which catalyzes reduction of the photosynthetic PQ pool from stromal NAD(P)H [43-45]. 
Fifteen subunits in the NDH complex were identified and quantified in the proteomics. While 
protein investment of the NDH complex was comparable between genotypes prior to light stress 
and after 3 days of light stress, a significant depletion of the complex was apparent after 5 days 
of stress (Figure 10A). 
Although the state transition kinases (STN7 and STN8) and phosphatase (TAP38) were 
not identified in the proteomics experiment, Calcium-sensing receptor protein (CaS), localized at 
the thylakoid membrane, accumulated at reduced levels in k1k3 leaves (~15-30% of WT) under 
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stress. The function of CaS is unclear but is localized at the thylakoid membrane where it binds 
Ca2+ and is phosphorylated in an STN8-dependent manner [10]. 
Elevated levels of oxidative stress in leaf tissue could be expected to induce increased 
accumulation of ROS scavenging enzymes. Thus, the protein investment of the two genotypes in 
ROS scavenging was quantified (Figure 10E). Peroxiredoxins (Prxs) are thiol-dependent 
scavengers of a diverse set of peroxide substrates including H2O2 and peroxidized lipids [46]. 
Plastidic Prxs were found to accumulate at an elevated level 5 days after light stress. The 
increased investment at this time point was accounted for exclusively by the 2-Cys PrxB isoform 
which was 2-fold more abundant in k1k3 than wild-type. Thioredoxins (Trxs) are redox-sensitive 
proteins that serve as important signaling components through redox regulation of various 
enzymes [47, 48], supply electrons to Prxs [49] and have been suggested to affect the LHCII 
state transition [50]. No differential accumulation of Trxs was found between genotypes either 
before or after stress. The ascorbate-glutathione ROS scavenging system relies on redox cycling 
of the antioxidant molecules ascorbate and glutathione, accomplishing the conversion of O2- and 
H2O2 to H2O. Protein investment in the plastidic and extra-plastidic ascorbate-glutathione 
systems was comparable between genotypes both before and after light stress treatment (Figure 
10E). Much of this ROS scavenging system was identified in the proteomics data including 
isoforms of (mono)dehydroascorbate reductase, ascorbate peroxidase, glutathione reductase, 
glutathione peroxidase, superoxide dismutase and catalase. In sum, evidence of elevated levels of 
ROS scavenging proteins in k1k3 is confined to the plastidic 2-Cys PrxB, further suggesting that 
ROS accumulation is not substantially elevated in k1k3, consistent with ROS stains above. 
Collectively, the leaf proteomics results reveal alterations in photosynthetic complexes, 
plastid protease machinery, and chlorophyll biosynthesis, consistent with the degreening 
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phenotype under light stress. Of particular interest, an altered accumulation was found in the 
carotenoid metabolic enzymes, CCD4, ZEP and ZDS, as well as the CaS signaling protein of the 
thylakoid membrane. The loss of ABC1K1 and ABC1K3 had very little impact on the leaf at the 
protein level prior to light stress, the CCD4 depletion being a notable exception. 
 
4.3.6 Quantitative protein composition of the PG of wild-Type and k1k3 To more closely 
investigate how the plastoglobule proteome is affected by the loss of ABC1K1 and ABC1K3, the 
quantitative proteomics analysis was performed on PGs isolated 5 days after light stress from 
thylakoid membranes. Attempts using leaf tissue prior to light stress failed to extract PGs, likely 
because the PGs were smaller and lower abundant (Figure 9). Thylakoid membranes were 
sonicated to physically separate PGs from the thylakoid membrane system and were 
subsequently purified by density centrifugation. This methodology has been demonstrated to 
isolate more than 75% of the PG material from thylakoid membranes into highly enriched PG 
preparations [19]. To exclude potential low abundant contaminants, proteins were required to 
display an average NadjSPC of at least 0.001 in the PG preparations, representing 0.1% of the 
extracted protein mass. To identify PG-enriched proteins, at least 15-fold enriched protein 
abundance over the total leaf preparations was required (Figure 11). This identified a set of 37 
and 39 PG-enriched proteins in WT and k1k3, respectively, twenty-three of which were enriched 
in both genotypes. In total fifty-three proteins were found enriched in at least one of the two 
genotypes and were compiled in Table 1. 
 The abundance of the fifty-three proteins was compared between the two genotypes to 
identify significant changes. A greater number of low-abundant contaminating proteins were 
extracted with the k1k3 PG preparations, possibly as a result of the unique ultrastructure of the 
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chloroplast and PG. Thus, each protein’s ratio between wild-type and k1k3 differed depending on 
whether abundance was calculated from the whole PG preparations or was normalized to the set 
of fifty-three PG-enriched proteins. To identify the most significantly altered proteins a protein 
was required to be at least 2-fold up or down regulated by both calculations. Using this criterion 
it was found that most (~66%) of the wild-type core proteome of the PG was unchanged in k1k3. 
 
 
 
Figure 11. Workflow for identification of PG enriched proteins in wild-type and k1k3 PG 
preparations. All proteins identified by more than one non-redundant peptide over three 
independent preparations of wild-type and k1k3 PGs were filtered first by a minimal abundance 
corresponding to NadjSPC of 0.001, and second, to a minimal enrichment ratio of 15 over 5x 
light-stressed total leaf tissue of the same genotype. Twenty-three proteins were enriched in PG 
preparations of both genotypes by this method. Fourteen were exclusively enriched in the WT 
PG preparations and sixteen exclusively in the k1k3 PG preparations. 
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     k1k3     
(% of WT)
     k1k3     
(% of WT) b
AT1G73750 Unknown SAG x I x 0.2 0.0 0% * 0%
AT3G07700 ABC1K7 x I x x 0.4 0.1 36% * 55%
AT3G27110 M48 metalloprotease x I x x 0.2 0.5 254% 387%
AT1G54570 Diacylglycerol transferase 3 (DGAT 3)  x I x x 1.5 1.4 93% 142%
AT5G13800 Pheophytinase (PPH) I x 0.0 0.2 ∞ * ∞ *
AT1G79600 ABC1K3 x II x 2.6 0.0 0% * 0%
AT4G31390 ABC1K1 x II x 2.6 0.0 0% * 0%
AT3G24190 ABC1K6 x II x 1.5 0.1 5% * 8%
AT2G41040 UbiE methyltransferase related 2 x II x 0.9 0.3 28% 42%
AT4G19170 Carotenoid cleaveage dioxygenase (CCD4) x II x x 1.8 0.3 16% * 24%
AT2G34460 Flavin reductase-related 2 x II x x 0.9 0.6 73% 112%
AT1G06690 Aldo/keto reductase  x II x 0.9 0.6 73% 111%
AT5G08740 NAD(P)H dehydrogenase C1 (NDC1) x II x x 1.4 0.8 55% 84%
AT5G20140 SOUL heme-binding 2 II x 0.0 0.1 ∞ ∞ 
AT1G71480 Nuclear transport factor 2 (NTF2) family II x 0.0 0.1 ∞ * ∞ *
AT4G18810 NAD(P)-binding UOS1 II x 0.3 0.4 119% 182%
AT4G13200 Unknown protein 1 x III x x 1.2 1.0 79% 120%
AT3G58010 Fibrillin 7a (FBN7a) x III x x 2.3 1.8 75% 114%
AT5G05200 ABC1K9  x III x x 3.0 1.9 64% * 98%
AT2G35490 Fibrillin 2 (FBN2) x III x x 3.6 3.9 108% 165%
AT3G23400 Fibrillin 4 (FBN4) x III x x 6.6 4.4 68% 103%
AT4G03520 Thioredoxin M2 III x 0.2 0.0 0% 0%
AT3G43540 Unknown protein 2 x IV x x 0.7 0.4 60% 92%
AT2G42130 Fibrillin 7b (FBN7b) x IV x x 1.4 0.5 35% * 53%
AT3G26060 Peroxiredoxin Q (Prx Q) IV x 0.0 0.2 ∞ * ∞ *
AT1G71810 ABC1K5 x x 1.0 0.0 0% * 0%
AT5G41120 Esterase/lipase/thioesterase  (Esterase 1) x x 0.1 0.1 53% 81%
AT3G26840 Diacylglycerol Acyltransferase 4 (DGAT 4) x x x 0.8 0.2 21% * 32%
AT1G78140 UbiE methyltransferase related 1 x x x 0.9 0.3 30% * 46%
AT4G39730 PLAT/LH2 - 1 x x x 1.0 0.3 30% 46%
AT1G32220 Flavin reductase-related 1 x x x 1.2 0.4 34% 52%
AT2G46910 Fibrillin 8 (FBN8) x x x 1.1 0.5 50% 76%
AT3G10130 SOUL heme-binding 1 x x x 1.0 0.9 90% 137%
AT4G32770 Tocopherol cyclase (VTE1)  x x x 1.5 1.6 104% 158%
AT4G22240 Fibrillin 1b (FBN1b) x x x 5.7 3.5 61% 93%
AT4G04020 Fibrillin 1a (FBN1a) x x x 9.1 5.8 64% 97%
ATCG01060 PsaC x 0.1 0.0 0% 0%
AT5G62140 Unknown protein x 0.1 0.1 55% 84%
AT1G74470 Geranylgeranyl-PP reductase (GGDR) x 0.3 0.1 21% * 33%
AT3G01480 Cyclophilin 38 (CYP38)  x 0.0 0.1 2561% 3908%
AT3G11560 Unknown protein x 0.0 0.1 ∞ * ∞ *
AT2G22170 PLAT/LH2 - 2 x 0.5 0.2 30% 46%
AT5G16550 Unknown protein x 0.1 0.2 296% 452%
AT4G05180 PsbQ OEC16-like x 0.0 0.2 12545% * 19144%
AT5G16660 Unknown protein x 0.0 0.2 ∞ * ∞ *
AT3G56940 Mg-Protoporphyrin IX cyclase (CHL27) x 0.0 0.2 977% 1491%
AT2G39330 Jacalin-related lectin 23 x x 0.1 0.3 363% 555%
AT5G06220 Unknown protein x 0.0 0.3 ∞ * ∞ *
AT1G72520 LOX4 x 0.0 0.4 ∞ * ∞ *
AT1G51110 Fibrillin 10 (FBN10) x 0.1 0.5 793% 1210%
AT1G67360 Rubber elongation factor (REF) family  x 0.2 0.5 236% 360%
AT1G03630 Protoporphyrin IX reductase IX C(PORC) x 0.0 0.5 8218% * 12541%
AT1G17420 LOX3 x 0.0 1.5 ∞ * ∞ *
All other proteins 40.8 61.5
a) As determined in Chapter Two
b) Normalized to the set of 53 proteins listed in this table
Table 1. Abundances of WT and k1k3  PG-enriched proteins under light stress
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Most of the core proteome that was altered in k1k3 was down-regulated. Surprisingly, 
ABC1K5 and ABC1K6 were found at greatly reduced levels (~94% reduced) or not identified in 
the k1k3 PG preparations. The strong depletion of ABC1K5 and ABC1K6 suggests their possible 
engagement in a complex with ABC1K1 and/or ABC1K3. Indeed, ABC1K6 is a member of the 
same co-expression module II as ABC1K1 and 3, associating with genes of isoprenoid 
metabolism and plastid proteolysis [19]. Consistent with the total leaf proteomics results, CCD4 
was down-regulated about 80% in k1k3 PG preparations. In addition to ABC1K6 and CCD4, 
other components of coexpression module II were also affected, including UbiE-like 
methyltransferase 2 and flavin reductase 2, which were depleted in k1k3 PGs, and the SOUL 
heme-binding protein and nuclear transport factor 2 proteins, which accumulated specifically 
with k1k3 PGs. 
The fibrillin (FBN) proteins were unchanged in k1k3 PG, with the exception of FBN10 
which was only detected in k1k3 PGs. Surprisingly, two proteins of the chloroplast biosynthesis 
pathway also accumulated in k1k3 PGs, Mg-protoporphyrin IX monomethyl cyclase and 
protoporphyrin IX oxidoreductase C. The proteins reached levels of 0.2% and 0.5% of the total 
PG mass, which is comparable to the amount of core proteins such as Flavin reductase realated 1 
and 2 and UbiE-like methyltransferase 1 and 2. 
While DGAT3 levels remained constant, levels of DGAT4 decreased significantly in 
k1k3 PGs. This is consistent with the apparent decrease of TAG accumulation in k1k3 PGs 
(Figure 9), since the DGAT enzymes putatitively catalyze conversion of diacylglycerol to TAG. 
A striking enrichment of JA biosynthetic enzymes at the k1k3 PG was found (Figure 12). 
While lipoxygenase 2 (LOX2) did not change in abundance at the whole leaf level, it clearly 
associated with PGs to a greater degree in k1k3 chloroplasts. Similarly, allene oxide synthase 
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(AOS) total leaf abundance was not altered, yet associated stronger with PGs in k1k3. Protein 
accumulation patterns of the other enzymes that were identified in leaf or PG preparations, 
including lower abundant LOX proteins and several isoforms of allene oxide cyclase (AOC), 
also showed preferential association with k1k3 PGs. The PG is a logical localization for the 
initial steps of the JA biosynthetic pathway, which begins with enzymatic peroxidation of fatty 
acid molecules catalyzed by 13-LOX enzymes (e.g. LOX2, 3 and 4) (Figure 12B). The JA 
phytohormone has been implicated in induction of senescence in leaf tissue [51], leading to the 
suggestion that the degreening phenotype in k1k3 is a JA-controlled response. This possibility 
can be tested with application of a JA inhibitor compound, or crossing k1k3 with a JA insensitive 
mutant. 
Note that while AOS is isolated with the PG preparations, it was not sufficiently enriched 
relative to total leaf samples in either the wild-type or k1k3 preparations to justify 
characterization as PG-localized under the criteria used here. It is suggested that JA biosynthesis 
is carried out at both the thylakoid and PG, where physiologically relevant fractions of AOS are 
localizing. 
  
196 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Distribution of plastid-localized JA biosynthesis enzymes in WT and k1k3 5-day light 
stressed leaf or PG. A, NadjSPC are normalized within each protein, illustrating the protein’s 
relative depletion/enrichment in each total leaf or plastoglobule (PG) preparation. A fourth allene 
oxide cyclase (AOC3) is putatively involved in JA biosynthesis but was not identified in leaf or 
PG preparations. B, The plastid-localized steps of the JA biosynthesis pathway begin with 
peroxidation of linolenic acid by 13-lipoxygenase (13-LOX), which may act on the free or 
esterified form of the fatty acid. The peroxidized fatty acid is subsequently epoxidized by allene 
oxide synthase (AOS) and cyclized by allene oxide cyclase (AOC) to form oxophytodienoic acid 
(OPDA), which is exported to the peroxisome for subsequent processing by OPDA Reductase 
(OPR) and three rounds of β-oxidation to produce the jasmonate phytohormone. The relative 
NadjSPC of LOX2 is set to 0.0129; of LOX3, 0.0147; of LOX4, 0.0040; of AOS, 0.0657; of 
AOC1, 0.0012; of AOC2, 0.0012, of AOC4, 0.0001; and of OPR, 0.0001. 
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4.3.7 Quantitative prenyl-lipid metabolite profiling of the PG in wild-Type and k1k3 Several 
clues have led us to hypothesize a function for ABC1K1 and ABC1K3 in prenyl-lipid 
metabolism: i) a yeast, bacterial, human and Arabidopsis ABC1K homolog is necessary for UQ 
synthesis in mitochondria [22-24, 52], ii) numerous prenyl-lipids, including several quinones, 
accumulate to high levels in the PG [53-56], iii) ABC1K1 and ABC1K3 coexpress strongly with a 
number of genes of prenyl-lipid metabolism [19], and iv) the PG ultrastructure in light-stressed 
k1k3 chloroplasts favors a higher surface area:volume ratio and thus accumulation of amphiphilic 
metabolites such as prenyl-lipids (Figure 9A). Thus, we investigated the effect of loss of 
ABC1K1 and ABC1K3 on prenyl-lipid accumulation in light-stressed leaf tissue. A previously 
published method used C30 reverse-phase HPLC and a photodiode array detector to efficiently 
separate prenyl-lipid compounds and established expected retention times and absorption spectra 
of a number of carotenes, xanthophylls, quinones, tocopherols, and chlorophylls [57]. We used 
this HPLC method to characterize and quantify the prenyl-lipid profile of PGs and thylakoids 
from wild-type and k1k3 individuals (Figure 13). 
While most peaks of the chromatographic traces could be identified based on retention 
time and absorption spectrum, three metabolites (with retention times of 6.0, 19.6, and 24.5 
minutes) were found at high abundance that were not identified in Ref. [57]. Absorption spectra 
of the peaks indicated that two were quinones and one a tocopherol. It was considered that the 
abundant quinone at 24.5 minutes was oxidized PQ-9 (PQ-9ox). The only plastoquinone 
identified in Ref. [57], eluting at 5.6 minutes, is likely PQ-9red judging by its early elution on the 
C30 column and λmax of 275 nm [58, 59].  
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Figure 13. HPLC chromatographic traces of wild-type and k1k3 PGs. Prenyl-lipids were 
extracted in chloroform, dried down, and resuspended in ethyl acetate prior to separation on a 
reverse-phase C30 column using a methyl t-butyl ether mobile phase. k1k3 is offset from the 
wild-type along the y-axis. Identification of metabolite peaks was based on retention time and 
absorption spectrum, established in Ref. [57] with the exception of PC-8, and PQ-9, identified by 
HPLC-MS analysis (see text). Abundant peaks are indicated by number as follows: 1) Quinone 1 
(MW = 746.6 Da), 2) α-tocopherol, 3) phylloquinone, 4) plastochromanol-8 (reduced), 5) 15-cis-
phytoene, 6) plastoquinone-9 (oxidized), 7) chlorophyll b, 8) zeaxanthin, 9) chlorophyll a, 10) 
unidentified carotenoid, 11) β-carotene, 12) 9-cis-β-carotene. 
 
HPLC-MS was used to confirm the identity of this quinone and the 2 other metabolites, 
using the same elution gradient and a single quadrupole mass spectrometer with ammonium 
acetate (NH4+CH3COO-) added post-column to induce ionization. The metabolite eluting at 24.5 
minutes was confirmed as PQ-9ox producing an absorption spectrum with the expected λmax of 
255 nm [58] and masses with m/z = 747.4 in (-) mode and 749.7, 766.7 and 771.6 in (+) mode, 
consistent with M-H-, M+H+, M+NH4+, and M+Na+, respectively, where M is 748.6, the mass of 
PQ-9ox  (Figure 14A). 
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Figure 14. Absorption spectra and electrospray (ESI) mass spectra of plastoquinone-9, 
plastochromanol-8, and quinone 1. Major adducts are indicated in the mass spectra. A, The 
absorbance spectrum and ESI (+) and (-) mass spectra of reduced plastoquinone-9, eluting at 
24.5 minutes, displays an absorbance peak of 255 nm and a mass of 748.6 Da, consistent with 
oxidized plastoquinone-9. B, Absorbance spectrum and ESI (+) and (-) mass spectra of reduced 
plastochromanol-8, eluting at 19.6 minutes displays an absorbance peak of 293 nm and a mass of 
750.6 Da, consistent with reduced plastochromanol-8. Oxidized plastochromanol-8, eluting at 
23.0 minutes, had an absorption peak at 298 nm (not shown). C, Mass chromatograms of the 
acetate adduct (809.4 m/z) and proton-less form (749.6 m/z) of plastochromanol-8 demonstrate 
that two distinct, separable redox forms are present in PGs. D, The absorbance spectrum and ESI 
(+) and (-) mass spectra of the unknown quinone detected only in k1k3 PGs, eluting at 6.0 
minutes displays a broad absorbance peak around 265 nm and a mass of 746.6 Da. This 
absorbance spectrum is indicative of a quinone, however no known plastid quinones or 
tocopherols (or their expected metabolic intermediates) have a mass of 746.6 Da. 
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The abundant tocochromanol, with a retention time of 19.6 minutes, was found to be 
plastochromanol-8 (PC-8), with masses of m/z = 749.6 and 809.4 in (-) mode and 768.7 in (+) 
mode, consistent with M-H-, M+CH3COO-, and M+NH4+, where M is 750.6, the mass of 
plastochromanol-8 (PC-8) (Figure 14B). Its reduction state could not be determined from the 
molecular weight alone, because the oxidized and reduced PC-8 have the same molecular 
weight. Chromatographic traces of the 749.6 deprotonated molecule and the 809.4 acetate adduct 
identified the other reduction state of PC-8 eluting 3.4 minutes later at 23.0 minutes, with much 
lower abundance (Figure 14C). Because reduction of PC-8 converts a carbonyl group to a more 
polar hydroxyl group it was concluded that the earlier eluting, more abundant form, was PC-8red 
(at 19.6 minutes), and the later eluting form was PC-8ox (at 23.0 minutes). The absorption spectra 
at 19.6 minutes, with a λmax of 298 nm, matched the expected absorption spectrum of PC-8red, 
which should be the same as γ–tocopherol since they share the same head group. 
The final unknown quinone eluting at 6.0 minutes was identified only in PGs of k1k3 but 
was absent in those from wild-type as well as both thylakoid preparations. Mass spectrometric 
analysis identified mass peaks with m/z = 745.5 and 805.8 in (-) mode and 769.6 in (+) mode co-
eluting with this quinone at 6.0 minutes, consistent with a molecular weight of 746.6 (Figure 
14D). While this molecule’s absorption spectrum was found to be consistent with being a 
quinone molecule (i.e. a λmax of ~264 nm), and its mass was conclusively measured, no known 
products or intermediates of tocochromanol/quinone metabolism fit this mass. Additional 
experimentation will be necessary to unambiquously identify this metabolite accumulating in 
k1k3. 
The majority of the PG prenyl-lipid pool in both genotypes was composed of just three 
compounds: PQ-9, α-tocopherol, and PC-8; making up 90% (w/w) of the wild-type PG pool and 
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85% of the k1k3 PG pool (Table 2). However, the ratio of these compounds was altered in k1k3; 
the relative amount of PQ-9 increased 1.9-fold and the amount of both tocochromanols 
decreased; PC-8, 1.8-fold and α-tocopherol, 1.3-fold. The unknown quinone with MW=746.6 Da 
accumulated to ~7% (w/w) of the pool size in the k1k3 PG but was below the limit of detection 
in wild-type PGs. This compound may be a metabolic intermediate, indicating impairment in a 
tocochromanol/quinone metabolic pathway, or a prenyl-lipid oxidation product accumulating as 
a result of ROS scavenging. 
 
 
 
 
Pre-Thye Post-Thye PG Pre-Thye Post-Thye PG
Plastoquinone-9c 104.1 ± 24.4 104.1 ± 16.8 193.8 ± 49.7 64.5 ± 28.6 46.7 ± 27.0 359.4 ± 53.7
Phylloquinone 11.1 ± 4.2 12.0 ± 6.6 4.9 ± 1.9 23.0 ± 2.5 24.1 ± 3.2 24.8 ± 7.9
Quinone 1a,b n.d. n.d. n.d. n.d. n.d. 67.1 ± 70.5
Plastochromanol-8c n.d. n.d. 289.4 ± 48.1 n.d. n.d. 160.4 ± 76.6
α-Tocopherol 162.6 ± 42.6 82.6 ± 24.4 421.6 ± 75.4 131.4 ± 15.0 119.2 ± 59.9 324.3 ± 117.5
γ-Tocopherol n.d. n.d. n.d. 10.4 ± 7.1 19.7 ± 19.1 n.d.
Phytoened 0.4 ± 0.1 0.2 ± 0.3 0.9 ± 0.1 n.d. n.d. 0.2 ± 0.1
Lutein 138.2 ± 7.0 186.4 ± 29.0 0.3 ± 0.2 132.2 ± 15.8 135.4 ± 19.4 4.4 ± 01.5
Violaxanthin 28.6 ± 4.2 38.8 ± 5.5 1.1 ± 0.7 15.1 ± 2.4 16.4 ± 4.3 3.4 ± 2.4
Antheraxanthin 16.3 ± 1.9 21.8 ± 2.6 n.d. 15.5 ± 3.1 17.6 ± 2.5 n.d.
Zeaxanthin 80.6 ± 28.4 111.1 ± 37.9 3.7 ± 0.8 74.3 ± 28.1 94.4 ± 12.7 14.2 ± 5.3
Neoxanthin 0.4 ± 0.1 0.3 ± 0.3 n.d. 0.1 ± 0.3 0.4 ± 0.1 n.d.
α-carotene 4.0 ± 1.4 5.1 ± 1.7 n.d. 2.3 ± 0.3 2.4 ± 0.4 n.d.
β-Carotene 20.1 ± 7.0 24.4 ± 14.6 1.2 ± 0.6 16.0 ± 6.3 20.8 ± 8.5 10.5 ± 6.7
Other prenyl-lipids 421.8 ± 98.9 367.4 ± 23.9 83.2 ± 22.0 324.6 ± 15.3 330.0 ± 7.2 30.6 ± 16.1
n.d. = metabolite not detected
Table 2. Quantitative metabolite profiles of thylakoid and PG prenyl lipids  - (ng /μg prenyl lipid)
a) unknown compounds were tentatively assigned to a compound class based upon their absorption spectrum
b) The molecular weight of Quinone 1 was determined by mass spectrometry to be 746.6 Da
Wild-type k1k3
c) oxidized and reduced forms
e) Lipids were extracted from thylakoid samples before and after sonication (pre- and post-thy, respectively)
Prenyl Lipid 
Metabolite
d) cis and trans forms
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The carotenoid pool of the PG, although relatively small, changed in composition 
significantly in k1k3. It was found that carotenoid levels in the k1k3 PGs were greater than what 
would be expected by thylakoid contamination alone. Because chlorophyll is believed to be 
present in thylakoid but not PGs, the level of thylakoid contamination in the PG preparations was 
estimated by comparing the amount of chlorophyll in the PGs to their levels in pre-sonicated 
thylakoid preparations. Chlorophyll levels in wild-type and k1k3 PGs were 1-4% of that in 
thylakoid (Table 3). Carotenoid levels in the wild-type PG similarly ranged from 4-6% of 
thylakoid, with the exception of phytoene, the only carotenoid clearly present in the wild-type 
PG. However, additional carotenoids (β-carotene and the xanthophylls, zeaxanthin and 
violaxanthin) were found to accumulate in k1k3 PGs, demonstrating PG/thylakoid ratios between 
19-66%, which substantially exceeds what can be explained by thylakoid contamination. 
Parallel metabolite analyses of the thylakoid preparations, pre and post-PG stripping, 
provided a comparison of metabolite distribution between thylakoids and plastoglobules (Table 
2). Surprisingly, no PC-8 accumulates in the thylakoids despite its abundance in the PG. It can 
also be seen that more of the PQ-9 pool is deposited in the PG in k1k3 individuals than in wild-
type. 
 
 
Wild-type k1k3
Chlorophyll a 4% 1%
Chlorophyll b 1% 1%
Lutein 0% 3%
β-carotene 6% 66%
Violaxanthin 4% 22%
Zeaxanthin 5% 19%
Phytoene 250% ∞
Table 3. Ratio of prenyl lipids in 
PGs vs. thylakoids (PG / pre-thy)
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4.4 DISCUSSION 
An analysis of T-DNA insertions in ABC1K1 and ABC1K3 which prevent accumulation of full-
length transcripts and result in the absence of detectable peptides in total leaf or PG preparations 
has been presented. Germination, growth and development of abc1k1-1, abc1k1-2 and abc1k3 
were indistinguishable from that of the wild-type under carefully controlled permissive 
environmental conditions. However, extreme sensitivity to a 10-fold increase in light intensity 
during vegetative growth was revealed, manifested as rapid photobleaching and necrosis (Figure 
2A). The k1k3 double mutant gradually degreened when exposed to a 5-fold increase in light 
intensity that failed to produce a phenotype in single mutants. This synergistic sensitivity in k1k3 
indicates non-redundant contributions of each gene product to the light stress response. 
The sensitivity of the mutants indicates there may be accumulation of a photosensitizer 
that produces ROS. Yet, the similar accumulation patterns of H2O2 and O2- in the two genotypes 
as well as the EXECUTER-independent nature of degreening suggests that ROS accumulation 
does not account for the k1k3 5x light stress phenotype. It remains possible that uncontrolled 
oxidative damage due to higher levels of 1O2 obscure any signaling pathway or that an 
alternative, unknown signalling pathway leads to the degreening. Knock down of ABC1K1, and 
likely other ABC1Ks, by RNAi caused increased accumulation of the chlorophyll metabolic 
intermediates, chlorophyllide (Chlide) and protochlorophyllide (Pchlide) [29], which are known 
as potent photosensitizers via production of 1O2 in the presence of light [60]. Pchlide is not 
thought to be an intermediate in chlorophyll degradation, thus its accumulation cannot be directly 
explained by impaired chlorophyll degradation (see Chapter One, Figure 5). However, both 
Pchlide and Chlide are intermediates in chlorophyll biosynthesis. Thus, impairments in the final 
steps of chlorophyll biosynthesis (chlorophyll synthetase and chlorophyll a oxygenase) or in the 
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assembly of chlorophyll into complexes could cause accumulation of both intermediates. 
 Curiously, despite the large-scale chlorophyll degradation occurring in k1k3, the light-
stressed PG in k1k3 accumulates significantly more protochlorophyllide oxidoreductase C 
(PORC), which catalyzes light-dependent reduction of Pchlide to Chlide as part of chlorophyll 
biosynthesis. The elevated levels of PORC may be a protection mechanism against oxidative 
stress, as has been reported in PORC-overexpressing Arabidopsis plants [61]. 
Results from the total leaf proteomics demonstrates significantly reduced accumulation of 
the PSI, PSII, and Cytochrome b6f complexes under light stress, consistent with the degreening 
phenotype. A significant reduction in the NDH complex is also apparent after 5 days of light 
stress. The reduction of photosynthetic complexes may reduce the need for the NDH complex, 
meaning the reduction of NDH is likely an effect rather than a cause of the k1k3 phenotype. It is 
likely that the elevated plastid protease machinery after light stress leads to the degradation of 
photosynthetic complexes. 
It appears that the degreening in light-stressed k1k3 is a genetically-controlled response 
rather than uncontrolled oxidative damage. This is supported by three observations. First, 
increased production of H2O2 or O2- could not be detected in k1k3 (Figure 6). Second, the 
degreening was found to be irreversible after three days under the 5x light stress, indicating a 
committed genetically-controlled pathway had been initiated. And third, the persistent gradual 
decrease in chlorophyll and carotenoid is consistent with a systematic, controlled degradation of 
chlorophylls and carotenoids (Figure 3A). These observations cannot be taken as conclusive 
evidence that a genetic program is responsible for the degreening and photosynthetic degradation 
but favors this supposition. 
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The morphology of the PG has important implications for accumulation of lipophilic 
metabolites. The single monolayer periphery and hydrophobic interior require that amphiphilic 
compounds such as prenyl-lipids accumulate at the periphery of the PG, while hydrophobic 
compounds such as fatty acid phytyl esters (FAPEs) and triacylglycerol (TAG) deposit in the PG 
interior. Thus, the ratio of amphiphilic to hydrophobic metabolites at the PG must be matched by 
the ratio of surface area to volume of the PG. This can be controlled by the size (i.e. diameter) of 
the approximately spherical PGs. An increasing diameter achieves a lower surface area to 
volume ratio, which would be desirable when hydrophobic compounds such as FAPEs or TAGs 
are preferentially accumulating at the PG. Conversely, a decreasing diameter will achieve a 
higher surface area to volume ratio, preferred when amphiphilic compounds such as prenyl-lipids 
are in higher abundance. 
While plastid ultrastructure under permissive growth conditions was indistinguishable 
between the wild-type and k1k3, striking differences in PGs were found under the 5x light stress. 
k1k3 PGs remained small and stained dark but increased dramatically in number in response to 
the light stress. In contrast, wild-type PGs swelled and stained black around the periphery with a 
gray interior and the number of PGs remained small. It is speculated that this altered 
osmiophilicity of the PG interior reflects an altered lipid composition in the interior of the PG, 
e.g. a greater accumulation of TAGs. TAG has been reported to be one of the most abundant 
compounds of the PG where it must accumulate in the hydrophobic interior [56]. It would seem 
that the small PGs of k1k3 accumulate very little TAG whereas the wild-type PGs, with their 
large hydrophobic interiors accumulate substantially more TAG. Indeed, the staining and 
appearance of PGs in the transmission electron micrographs is similar to that of TAG-rich oil 
bodies derived from the ER, see e.g. [37, 38]. In light of the substantially higher accumulation of 
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enzymes of jasmonic acid (JA) synthesis (e.g. lipoxygenase, AOS, AOC) it is proposed that 
increased competition for fatty acids by the JA biosynthesis pathway in k1k3 plastids prevents 
accumulation of TAG in the PG. 
An illustration of the apparent metabolic alterations at the k1k3 PG is presented in Figure 
15. Increased levels of 13-LOX and AOS indicate increased flux of fatty acids into JA 
synthesisis which, in combination with reduced levels of DGAT, would limit the accumulation 
of TAG at the PG. It is proposed that this reduction of TAG accounts for the smaller size of the 
PGs in k1k3. It is not clear whether fatty acids entering the JA biosynthetic pathway derive from 
turnover of galactolipids, de novo synthesis, di- or tri-acylglycerols, or an alternative source. The 
metabolite profiling measurements indicate that a larger portion of the PQ-9 pool is sequestered 
in the k1k3 PG. This, and the apparent reduced activity of VTE1, increases the amount of PQ-9 
in the PG where it may act as a ROS scavenger. 
It is thought that the ancient function of the ABC1K family is the regulation of 
menaquinone metabolism [18]. Based on this and the observation that ABC1K1 and ABC1K3 
localize to the PG, which is rich in quinones and contains several enzymes of their metabolism, it 
was hypothesized that ABC1K1 and ABC1K3 function in the regulation of plastidic quinone 
metabolism. Consistent with this hypothesis, it is shown here that loss of ABC1K1 and ABC1K3 
causes altered accumulation of prenyl-lipids including quinones in the PG. 
A reduction of the predominant tocochromanols, α-tocopherol and PC-8 were found with 
a concomitant increase in PQ-9 as well as an additional unknown quinone with a molecular 
weight of 746.6 Da. This observation indicates reduced activity of the PG-localized VTE1 
enzyme, responsible for cyclization of the quinones, dimethylphytyl benzoquinone (DMPBQ) 
and PQ-9 to their tocochromanol products, α-tocopherol and PC-8, respectively (Figure 15).  
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Figure 15. A model of metabolic alterations in k1k3 PGs. Upregulated pathways in k1k3 are 
designated with red, thick lines and downregulated pathways are designated with blue, dashed 
lines. The model has been adapted from that presented in Chapter Two. For a detailed 
description of the model, pathways and abbreviations, see Chapter Two, Figure 12. 
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The possibility that the unknown quinone was the VTE1 substrate, DMPBQ was considered; 
however, the molecular weight is inconsistent, and elution of the DMPBQ intermediate from 
vte1 PGs did not match the elution time of the unknown quinone (data not shown). Importantly, 
the level of VTE1 enzyme was unchanged in k1k3 PGs (Table 1), further indicating an impaired 
activity of the VTE1 enzyme. It is suggested that ABC1K1 and/or ABC1K3 is responsible for 
activation of VTE1 under excess excitation energy. This possibility awaits further testing. 
Carotenoid compounds comprise a small fraction of the prenyl-lipid pool of wild-type 
light-stressed PGs, comprised almost exclusively of phytoene (Tables 2 and 3). However, it was 
found that loss of ABC1K1 and ABC1K3 dramatically changed the carotenoid composition in 
the PG. In addition to phytoene, accumulation of β-carotene, and to a lesser extent the 
xanthophylls lutein, zeaxanthin and violaxanthin was apparent (Table 3). The appearance of β-
carotene and the xanthophylls in the k1k3 PGs supports the hypothesis that PGs are the site of 
deposition and degradation of carotenoids released from photosystems and light harvesting 
complexes of the thylakoid (Figure 15). There is one PG-localized enzyme that is predicted to 
catalyze carotenoid degradation, CCD4, whose substrate(s) in A. thaliana have not been 
conclusively demonstrated. Interestingly, CCD4 levels in k1k3 PGs were reduced by more than 
3-fold (Table 1); whether accumulation of carotenoids and depletion of CCD4 at the k1k3 PGs 
are directly related remains to be explored, but is an intriguing possibility. 
This chapter has presented an investigation of A. thaliana T-DNA insertion mutants 
affected in two PG-localized atypical protein kinases, ABC1K1 and ABC1K3. Evidence is 
presented that ABC1K1 and ABC1K3 are regulators of plastidic metabolism, important for 
adaptation to excess excitation energy. Targets of ABC1K1 and ABC1K3 remain elusive but 
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likely are enzymes involved in prenyl-lipid metabolism, localized at the PG or thylakoid 
membrane. 
 
4.5 MATERIALS AND METHODS 
 
4.5.1 Plant Materials and Plant Growth Conditions The following SALK insertion mutants 
were acquired from the Arabidopsis Biological Resource Center: abc1k1-1 (SALK 057147), 
abc1k1-2 (SALK 068628), abc1k3-1 (SALK 128696). Plants were grown on Cornell Mix soil 
with a 16-hour photoperiod of 120 µE m-2 s-1 actinic light at a constant 60% relative humidity 
and 22o C ambient temperature. For light stress application, plants were moved late in the 
vegetative growth stage to 520 µE m-2 s-1 (5x light stress) or 1000 µE m-2 s-1 (10x light stress) 
actinic light during the dark period, while maintaining the same 16-hour photoperiod, 60% 
relative humidity, and 22o C ambient temperature. 
 
4.5.2 PG Isolation PG isolations were performed as in [19]. All PG preparations were made 
from 5 day moderate light-stressed leaf tissue, collected in the morning of the 6th day of stress. 
The resulting floating pad of PGs was removed with a hypodermic disposable syringe, flash 
frozen in liquid N2, and stored at -80o C. 
 
4.5.3 Total Leaf Protein Extraction Protein was extracted from mature leaf tissue 3 hours into 
the photoperiod. While working in the dark at 4o C, the mature leaf tissue was ground in liquid 
nitrogen and combined with 450 µl of protein extraction buffer (50 mM Tris pH 8.0, 2% sodium 
dodecyl sulfate, protease inhibitor cocktail). Samples were vortexed for 25 seconds and then 
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filtered through a 0.8 mL frit by centrifuging at 18,000 xg, for 1 minute. Protein concentrations 
of the supernatant were determined by the BCA assay kit (Pierce). 
 
4.5.4 Transmission Electron Microscopy Leaf tissue from 3 individuals of each genotype at 
each time point was harvested 1 hour after the beginning of the photoperiod. Leaf margins and 
midribs were excluded and the remaining leaf tissue was divided into 1x2 mm sections with a 
fresh razor blade. Sections were processed as in [19], using 2% glutaraldehyde, 2 % 
paraformaldehyde, and subsequently 1% osmium tetroxide as fixative and 2% uranyl acetate as 
stain. Cured resin blocks were sectioned and imaged at Electron Microscopy Services; Colorado 
Springs, Colorado. 
 
4.5.5 Leaf tissue stains for reactive oxygen species Two of the oldest leaves of three individuals 
from each genotype were harvested and submerged in 10 mL of diaminobenzidine (DAB) 
staining solution [10 mM Tris-Acetate pH 4.0, 0.05 % (w/v) DAB] or 10 mL of nitroblue 
tetrazolium (NBT) staining solution [50 mM potassium phosphate pH 7.8, 10 mM sodium azide, 
0.5% (w/v) NBT]. Submerged tissue was vacuum-infiltrated in a desiccator for 10 minutes, two 
times, breaking the vacuum between each event. DAB-infiltrated tissue was subsequently 
incubated in the dark at room temperature for twenty-four hours. NBT-infiltrated tissue was 
incubated under a benchtop lamp for 15 minutes on each side of the leaf, before terminating the 
reaction by placing in warm 95% ethanol. Tissue from both treatments was destained in 95% 
ethanol at 45o C, changing the ethanol solution several times as needed. Destained tissue was 
stored in 60% glycerol. Images were collected using a Nikon d90 digital SLR equipped with a 
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Tamron 90 mm f/2.8 macro lens.  All images were white balanced and level-adjusted using 
Photoshop software (Adobe, v.11.0.2). 
 
4.5.6 Ascorbate and glutathione measurements Ascorbate and glutathione measurements were 
made spectrophotometrically as adapted from Ref. [35]. Working under minimal light to protect 
ascorbate from oxidation, approximately 0.4 mg of mature leaf tissue was harvested and weighed 
before flash freezing in liquid nitrogen. Tissue was ground thoroughly and 1 mL of extraction 
buffer [2% (w/v) meta-phosphoric acid, 2 mM disodium-ethylenediaminetetraacetic acid] was 
added. Solution was centrifuged for 10 minutes at 18,000 xg at 4o C, and aliquots of supernatant 
were taken for ascorbate and glutathione assay. For ascorbate determination, 100 μl of 
supernatant was mixed with 700 μl of phosphate buffer (100 mM sodium phosphate pH 6.8) and 
A265 was measured (Abs#1). To fully reduce ascorbate, 1 μl of dithiothreitol was added and 
sample incubated for 15 minutes at 37o C. Following the incubation, A265 was measured again 
(Abs#2). To fully oxidize the ascorbate, 0.8 units of ascorbate oxidase (40 U/ml in 100 mM 
phosphate pH 5.6; Sigma-Aldrich, St. Louis, MO) was added to the sample and the A265 was 
measured (Abs#3). Total ascorbate was calculated as Abs#2 – Abs#3, reduced ascorbate was 
calculated as Abs#1 – Abs#3, and oxidized ascorbate was calculated as Abs#2 – Abs#1. A 
standard curve was created from stock solutions of ascorbate (0, 0.1, 0.25, 1.0 and 2.0 mM 
ascrobate in 2.5 mM dithiothreitol in extraction buffer) which were treated as the sample extracts 
above. Briefly, stock solution was centrifuged for 10 minutes at 18,000 xg at 4o C. A 100 μl 
aliquot of supernatant was mixed with 700 μl of phosphate buffer, and A265 was measured. For 
determination of total glutathione, 20 μl of supernatant was neutralized in 130 μl of 280 mM 
sodium phosphate pH 7.5. Neutralized extract was then mixed with 700 μl of buffer B (125 mM 
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potassium phosphate pH 7.5, 6.3 mM disodium-ethylenediaminetetraacetic acid, 0.3 mM 
reduced nicotinamide adenine dinucleotide phosphate), 100 μl of buffer C (125 mM potassium 
phosphate pH 7.5, 6.3 mM disodium-ethylenediaminetetraacetic acid, 6 mM 5,5′-dithiobis(2-
nitrobenzoic acid)) and 1.0 units of glutathione reductase (20 U/ml in 125 mM potassium 
phosphate pH 7.5, 6.3 mM disodium-ethylenediaminetetraacetic acid; Sigma-Aldrich, St. Louis, 
MO). The A412 of the solution was measured. To measure oxidized glutathione, 100 μl of extract 
was neutralized in 650 μl of 280 mM sodium phosphate pH 7.5 and 10 μl of vinylpyridine was 
added. The solution was incubated for 1 hour at 25o C. Excess vinylpyridine was removed by 
adding 300 μl of diethyl ether, vortexing and centrifuging 3000 xg for 3 minutes. The upper 
phase was removed and the process was repeated once more. Vinlypyridine-depleted sample was 
then treated with 1.0 units of glutathione reductase and A412 was measured. A standard curve was 
created using stock solutions of glutathione (0, 10, 20, 30, 40, 50 μM in extraction buffer) which 
were treated as extract samples above. Briefly, stock solution was centrifuged for 10 minutes at 
18,000 xg at 4o C. A 20 μl aliquot of supernatant was neutralized in 130 μl of 280 mM sodium 
phosphate pH 7.5. Neutralized extract was then mixed with 700 μl of buffer B, 100 μl of buffer 
C, and 1.0 units of glutathione reductase, before measuring A412. 
 
 4.5.7 PG sample preparation and in-gel digestion PG samples were normalized by OD 600nm 
and were lyophilized and solubilized in a modified Laemmli solubilization buffer (125 mM Tris-
HCl pH 6.8, 6% sodium dodecyl sulfate, 10% β-mercaptoethanol, 20% glycerol). Samples were 
shaken gently at 30o C for 15 minutes to ensure complete solubilization and subsequently heated 
at 80o C for 10 minutes. Samples were centrifuged to remove insoluble material and proteins 
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were separated by SDS PAGE (6% acrylamide stacking, 12% separation). Each gel lane was cut 
in 5 slices and proteins were digested with trypsin, as described in [62]. 
 
4.5.8 Proteome analysis by nanoLC-LTQ-Orbitrap and data processing Peptides prepared from 
in-gel digestion and in-solution digestion were analyzed by data-dependent tandem mass 
spectrometry (MS/MS) using on-line LC-LTQ-Orbitrap (Thermo Electron) with dynamic 
exclusion, similar as described in [63]. Peak lists (.mgf format) were generated using DTA 
supercharge (v1.19) software (http://msquant.sourceforge.net/) and searched with Mascot v2.2 
(Matrix Science) against a combined database containing the Arabidopsis genome with protein-
coding gene models and 187 sequences for known contaminants (e.g. keratin, trypsin) (total 
33,013 entries) and concatenated with a decoy database where all the sequences were 
randomized; in total this database contained 66,026 protein sequences. Off-line calibration for all 
precursors ions was done as described in [64]. Each of the peak lists were searched using Mascot 
v2.2 (maximum p-value of 0.01) for full tryptic peptides using a precursor ion tolerance set at ±6 
ppm, fixed cysteine carbamido-methylation and variable methionine oxidation, protein N-
terminal acetylation, glutamine deamidation and maximally one missed cleavage allowed. The 
maximum fragment ion tolerance (MS/MS) was 0.8 Da. For semi-tryptic peptides the search was 
performed with a precursor ion tolerance set at ±3 ppm, fixed cysteine carbamido-methylation 
and variable methionine oxidation, N-terminal acetylation, glutamine deamidation and 
maximally one missed cleavage allowed. Minimal ion score threshold was chosen such that a 
peptide false discovery rate (FDR) below 1% was achieved. Using an in-house written filter, the 
search results were further filtered as follows: For identification with two or more peptides, the 
minimum ion score threshold was set to 30. For protein identification based on a single peptide, 
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the minimum ion score threshold was set to 33, and the mass accuracy of the precursor ion was 
required to be within ±3 ppm. The peptide false discovery rate (FDR) was calculated as: 2 × 
(decoy hits) / (target + decoy hits) and below 1%. The FDR of proteins identified with two or 
more peptides was zero. Peptides with less than seven amino acids were discarded. 
 Several Arabidopsis genes have more than one gene model, and in such cases the protein 
form with the highest number of matched spectra was selected; if two gene models had the same 
number of matched spectra, the model with the lower digit was selected. For quantification, each 
protein accession was scored for total spectral counts (SPC), unique SPC (uniquely matching to 
an accession) and adjusted SPC. The latter assigns shared peptides to accessions in proportion to 
their relative abundance using unique spectral counts for each accession as a basis. The 
normalized adjSPC (NadjSPC) for each protein was calculated through division of adjSPC by the 
sum of all adjSPC values for the proteins from that gel lane. NadjSPC provides a relative protein 
abundance measure by mass, whereas NSAF estimates relative protein concentration within a 
particular sample. 
 
4.5.9 Metabolite Extractions Working under minimal light and at 4o C, PG preparations were 
normalized by OD 600nm and lyophilized. Prenyl lipids were extracted from normalized, 
lyophilized tissue essentially as in Ref. [57] except all solvent volumes were doubled. To 
lyophilized samples, 200 µl of methanol was added and was mixed for 10 minutes on a 
thermoshaker (Thermomixer R, Eppendorf) at 4o C. 200ul of 50 mM Tris-HCl pH 7.5 + 1M 
NaCl was added and shaken for another 10 minutes. 800 µl of chloroform was added and the 
solution was incubated with gentle rocking for 15 minutes at 4o C. Sample was centrifuged at 
3000 xg for 5 minutes to achieve thorough phase separation and the hypophase was extracted by 
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glass Pasteur pipette. Extraction was repeated once by adding an additional 800 µl of chloroform 
and again incubating for 15 minutes at 4o C and centrifuging. Extracted prenyl lipids were dried 
down under a stream of nitrogen gas and stored at -20o C. 
 
4.5.10 Metabolite Profiling by HPLC-PDA Separation of the metabolite extracts by HPLC was 
accomplished according to the method described in Fraser, et al. [57]. Chromatography was 
performed on a reverse-phase C30 column, 5 µm beads (250 x 4.6 mm) manufactured by YMC, 
Inc using an Agilent 1100 chromatography system with a flow rate of 1 mL/min, connected to a 
photodiode array detector, monitoring continuously from 260 – 700 nm. Extractions were 
resuspended in 250 µl of ethyl acetate and passed through a 0.45 µm syringe filter. Sample 
injections (25 µl) were separated with mobile phases of (A) 100% methanol, (B) 80% methanol 
in water + 0.2 % ammonium acetate, and (C) methyl t-butyl ether.  A gradient elution was 
employed consisting of 95% A, 5% B isocratically for 12 minutes, a step to 80% A, 5% B, 15% 
C at 12 minutes, followed by a linear gradient to 30% A, 5% B, 65% C at 30 minutes and finally 
a return to the initial conditions (95% A, 5% B) by 60 minutes. Peak identities were established 
by comparison of retention times with those established by Fraser, et al [57] and the absorbance 
spectrum. Quantification was carried out using the Chromeleon software package v6.80 (Waters, 
Inc) by measuring the area under the curve at each compound’s λmax. Absorbance response 
factors for λmax were calculated from calibration curves of a standard of each compound class; 
carotenoids (β-carotene), tocopherols (α-tocopherol), quinones (menadione), and chlorophyll 
(chlorophyll b). 
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4.5.11 Metabolite identification by HPLC-MS Metabolite extracts were separated as for the 
metabolite profiling described above. Post-column, flow was split 75:25, producing a flow of 
250 μl/min. Using a syringe pump, ammonium acetate (0.5% w/v) was injected at a flow rate of 
50 μl/min with a three-way adaptor. Electrospray mass spectra were acquired using a single 
quadrupole mass spectrometer scanning alternately in (+) and (-) modes. 
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CHAPTER FIVE 
 
IDENTIFYING TARGETS OF THE ABC1K1 AND ABC1K3 ATYPICAL KINASES 
 
5.1 INTRODUCTION 
The question remains, what are the phosphorylation target(s) of the ABC1K1 and ABC1K3 
proteins? The results favor a hypothesis in which each kinase targets one or more proteins, 
pathways or processes for phosphorylation, thereby altering protein activity, localization or 
protein interactions. The synergistic light-stress phenotype demonstrated in k1k3 in Chapter 4 
indicates non-redundant contributions of ABC1K1 and ABC1K3 to the adaptation to increased 
light intensity. This suggests distinct targets by the two kinases, but does not rule out one or 
more common phosphorylation targets. Potential ABC1K1,3 targets affecting the 
photoacclimation/light-stress response are numerous (see section 1.2.3) and include xanthophyll 
cycle enzymes, proteins involved in prenyl-lipid metabolism, and regulators of thylakoid linear 
and cyclic electron flows. It is likely that the targets need to be (at least transiently) localized to 
PGs to undergo phosphorylation, thereby limiting the potential target list. 
 
Target candidates of ABC1K1 and ABC1K3 The transcription co-expression network of the 
plastoglobule (PG), described in Chapter 2, suggests that ABC1K1 and ABC1K3 function in the 
regulation of prenyl-lipid metabolism and protein turnover. Such functions are supported by the 
proteomics and metabolite profiling analyses of the k1k3 double mutant; i) significant alterations 
were found in tocochromanol, quinone and carotenoid accumulation in k1k3 leaf tissue and PGs, 
ii) accumulation of carotenoid cleavage dioxygenase 4 (CCD4), zeaxanthin epoxidase (ZEP), 
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geranylgeranyl diphosphate reductase (GGDR), and ζ-carotene desaturase (ZDS) were affected 
by loss of ABC1K1 and ABC1K3. Evidence supporting the most promising targets of ABC1K1 
or ABC1K3 is described below. 
 
Zeaxanthin epoxidase (ZEP) – ABC1K3 was found by multiple software programs to coexpress 
very tightly with ZEP (see Chapter 2). Indeed, several avenues of evidence suggest that ZEP 
activity is regulated post-transcriptionally, possibly by phosphorylation. First, mRNA levels of 
ZEP are constant during the diurnal induction/reduction of the xanthophyll cycle [1]. Second, an 
investigation of zeaxanthin epoxidation under photo-oxidative stress indicated that ZEP activity 
can be down-regulated very rapidly in a stress-dependent manner and requires a thylakoid-
associated factor that is not STN7 or STN8 [2]. Furthermore, the inactivation of ZEP by 
phosphatase inhibitors suggests that phosphorylation of ZEP reduces its activity [3]. Additional 
circumstantial evidence further supports a regulatory role for ABC1K1 or ABC1K3 in ZEP 
activity. The elevated expression of ZEP in k1k3 leaf tissue could represent a compensatory 
response for reduced enzyme activity (see Chapter 4). In addition, much higher levels of ZEP in 
k1k3 PGs suggest it may be recruited to PGs in the k1k3 mutant. It is suggested that ZEP 
migrates in and out of PGs and requires PG location for phosphorylation by ABC1Ks. Finally, 
ZEP is a monoxygenase, similar as the few known direct targets of mitochondrial ABC1Ks 
involved in ubiquinone biosynthesis.  
 
Tocopherol cyclase – VTE1 is a PG-localized enzyme converting dimethylphytyl benzoquinone 
and plastoquinone-9 to the antioxidants α-tocopherol and plastochromanol-8, respectively [4]. 
The VTE1 gene does not coexpress with other enzymes of the tocopherol biosynthesis pathway 
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or with other genes of the PG, which is indicative of post-transcriptional control. Accumulation 
of the metabolites downstream of VTE in k1k3 PGs was significantly reduced relative to wild-
type, and a greater number of VTE1 substrate (PQ-9) was found in the mutant PGs, both 
consistent with a reduced activity of VTE1 in the absence of ABC1K1 and ABC1K3. 
Additionally, it was found that VTE1 protein accumulated to similar levels in k1k3 and wild-type 
PGs, despite the increased accumulation of VTE1 substrate in these PGs, further supporting a 
reduced activity of VTE1 (see Chapter 4). 
 
Chlorophyll metabolism – The light stress sensitivity in the k1k3 double mutant is indicative of 
accumulation of photosensitizer(s) leading to damage and turnover, or induction of a retrograde 
signalling pathway to the nucleus resulting in proteome remodeling. An intriguing possibility is 
that the loss of ABC1K1 and ABC1K3 leads to impaired chlorophyll metabolism and 
accumulation of one or more chlorophyll intermediates which are photosensitizers. A recent 
investigation of an RNAi line targeting ABC1K1 caused a constitutive yellow leaf phenotype and 
accumulation of protochlorophyllide and chlorophyllide in leaf tissue [5]. However, the 
investigators used a full cDNA sequence of ABC1K1 which would target other genes with 
homology to ABC1K1 as well. Unfortunately, the investigators did not report the expression 
levels of the other members of the ABC1K family. It is highly likely that several members of the 
ABC1K family were knocked down and thus the phenotype of the RNAi line cannot be attributed 
to a specific loss of ABC1K1. The induction of the 2-Cys peroxiredoxin B protein (2-Cys PrxB) 
in k1k3 under stress does however implicate ABC1K1 and ABC1K3 in chlorophyll biosynthesis. 
Elevated protein levels of 2-Cys PrxB were reported in a tobacco mutant of Mg-protoporphyrin 
monomethylester cyclase, disrupted in chlorophyll biosynthesis [6]. Indeed, 2-Cys PrxB is 
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localized at the thylakoid membrane and is required for protochlorophyllide synthesis in vitro 
[7]. PGs are known to play a role in chlorophyll metabolism, as phytol released from degraded 
chlorophyll is deposited in the PG. Additionally, several proteins of the chlorophyll degradation 
pathway are included in the PG coexpression network in the senescence module 1 (see Chapter 
2). 
 
Carotenoid cleavage dioxygenase 4 (CCD4) and state transition kinase 7 (STN7) – A striking 
result from the total leaf proteomics work on k1k3 was the strong reduction of CCD4 levels in 
the mutant (see Chapter 4). The observation of reduced levels prior to light stress is important in 
that it indicates the reduction is not a pleiotropic response to the light stress treatment. The 
results suggest a role for ABC1K1 or ABC1K3 in regulation of CCD4. As phosphorylation of 
state transition kinase 7 (STN7) has been shown to protect it from degradation [8], 
phosphorylation may similarly confer protein stability to CCD4 which is dependent on ABC1K1 
or ABC1K3. ABC1K3 was found to coexpress strongly with STN7, thus it is possible that 
ABC1K3 may be responsible for maintaining the phosphorylation and stability of STN7 as well. 
Consistent with this notion, STN7 was identified by mass-spectrometry in one of the wild-type 
total leaf biological replicates prior to light stress but not in k1k3. 
 
5.2 YEAST 2-HYBRID ANALYSIS OF PROTEIN-PROTEIN INTERACTIONS 
 
 The hypothesized targets of ABC1K1 and ABC1K3 outlined above, as well as many of 
the PG-localized proteins, will be tested for protein-protein interaction using the yeast 2-hybrid 
(Y2H) technology. The Y2H system expresses two exogenous proteins of interest in yeast which 
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have been fused with the N- and C-terminal halves of a reporter enzyme, such that protein 
interaction between the proteins of interest reconstitutes reporter enzyme activity. 
  
Yeast 2-hybrid systems There are several different Y2H systems available which reconstitute 
various reporter enzymes and are outlined below. 
 
Classical yeast 2-hybrid systems - The original Y2H system reconstituted the activation and 
DNA-binding domains of the GAL4 transcription factor which promotes expression of a reporter 
gene in the yeast strain. A number of different reporter genes have been introduced permitting 
multiple assays for protein-protein interaction. This system requires the targeting of the tested 
proteins to the yeast nucleus, which excludes transcription factors or largely hydrophobic 
proteins from being tested. 
 
The split-ubiquitin system - The split-ubiquitin Y2H assay is another popular Y2H system which 
uses the ubiquitin protein as reporter assay. Split-ubiquitin Y2H was originally designed for 
testing of soluble proteins but has been adapted for membrane-based assays which are more 
appropriate for integral membrane proteins, as well as proteins that require post-translational 
modifications introduced at the endoplasmic reticulum or golgi apparatus [9-11]. In both 
variations the ubiquitin protein is reconstituted and protein degradation by the yeast proteasome 
is triggered, leading to the release of a reporter protein. Conveniently, the split-ubiquitin assay 
does not require localization of the proteins in the nucleus, allowing proteins with strong 
localization signals or hydrophobic proteins to be tested. 
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hSos/Ras recruitment systems - A third Y2H system utilizes induction of the Ras signaling 
pathway at the yeast plasma membrane to rescue a temperature-sensitive yeast mutant lacking 
the Ras protein. One protein of interest is targeted to the plasma membrane by a myristoylation 
site and the other protein of interest is fused with human Ras or human hSos, such that 
interaction at the plasma membrane reconstitutes the Ras function in yeast, complementing the 
growth phenotype. Unfortunately, spontaneous reversion of the yeast mutant has been reported, 
meaning tests of the growth-sensitive phenotype must be tested before and after transformation 
of the yeast [12]. 
 
The Invitrogen ProQuest Y2H system for ABC1K1 and ABC1K3 To test for protein-protein 
interactions between ABC1K1 or ABC1K3 with potential substrates, a targeted Y2H assay using 
the Invitrogen ProQuest technology will be used. The ProQuest technology relies on a classical 
Y2H system accomplishing the reconstitution of the GAL4 transcription factor in the yeast 
nucleus. An approach relying on nuclear targeting of proteins is favored because the PG-
localized proteins contain relatively little hydrophobicity and are presumed to be only 
peripherally associated with the PG membrane perimeter. 
 The ProQuest system uses the MaV203 yeast strain which has been engineered to encode 
three different reporter genes for the use of multiple assays for positive protein-protein 
interaction confirmation. The reporter genes include the auxotrophic markers, HIS3 and URA3 
genes, which encode enzymes in biosynthesis of the essential amino acids histidine and uracil, 
for selection on drop-out media plates, and the lacZ gene for blue-white colony formation and 
quantitative assay using colorimetry. Vectors are included that harbor the Krev1 protein and the 
RalGDS protein in wild-type and mutated forms to produce control interactions of varying 
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strengths. The wild-type form of RalGDS interacts strongly with the Krev1. A mutated form, 
RalGDSm1 demonstrates a weakened interaction, while another mutated form, RalGDSm2, 
abolishes all interaction and serves as a negative control. 
 The occurrence of false positives (the detection of protein-protein interaction by the assay 
where interaction does not occur or is biologically irrelevant) can be a problem in Y2H assays. 
This concern has been addressed in two ways in the ProQuest system. First, because many false 
positives are context-dependent [13], each of the reporter genes (HIS3, URA3, and lacZ) use a 
different promoter sequence which can be recognized by the GAL4 transcription factor. Second, 
the expression plasmids encoding the protein fusions use an ARS/CEN3 origin of replication, 
which maintains the plasmid at low-copy number in the yeast cells. 
 
Current state The initial priority is to test interactions between the ABC1K1 and ABC1K3 and 
the most promising target candidates: ZEP, CCD4, and VTE1. Genes will be cloned and proteins 
expressed in the absence of chloroplast transit peptide as this more accurately represents the 
plastid-localized in vivo form of the proteins. Currently, ABC1K1 and ABC1K3 have been 
successfully cloned into the pCR8 entry vector and ABC1K1 has been subcloned into the 
ProQuest bait plasmid. Confirmation of successful subcloning of ABC1K1 in the prey plasmid is 
underway. Cloning of ZEP, VTE1, CCD4, and pheophytinase (PPH) into pCR8 is also 
underway. 
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